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CHAPTER I. INTRODUCTION 
Through the study of -atomic spectra nuclear magnetic 
moments, spins, spectroscopic quadrupole moments and changes 
in mean square charge radii can be obtained. For the past 
fifty years, atomic spectra have provided information on 
stable amd long-lived nuclei. It is now possible to extend 
these studies to short-lived (half life of less than one 
second) species. 
The major advantage of spectroscopic techniques over 
others is their extreme sensitivity. Nuclear scattering 
experiments, muonic atom or X-ray isotope shift experiments 
may provide more information than spectroscopic methods, but 
require macroscopic amounts of material. It is possible with 
spectroscopic techniques to work with as few as 10,000 
atoms/sec (1). This sensitivity opens up exciting 
possibilities. All the basic laws of nuclear physics have 
been derived from an intensive study of some 500 nuclei, 
namely those that are stable or can be reached from stable 
nuclei by simple nuclear reactions. The number of nuclei 
that have been produced is close to 1700, and it is 
conjectured that 7000 nuclei could eventually be identified 
(2). In exploring these new regions of short-lived nuclei, 
new nuclear properties or even new nuclear effects might 
well be discovered. Already nuclear structure and 
systematics qualitatively different from stable nuclei have 
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emerged In the measurements of a loner chain of neutron 
deficient Hg isotopes (3). 
A primary purpose of this work is to extend the 
sensitivity of optical detection techniques to the one 
atom/sec level through the use of the photon-burst method. 
The sensitivity increase is obtained by scattering large 
numbers of photons from a single atom. Â number of new and 
interesting effects in the statistics of the resonantly 
scattered light then become important. 
Nuclear Structure Information Through Optical Means 
The addition of neutrons to a nucleus changes its mass, 
radiusr magnetic moment and shape. Changes in the mass and 
electromagnetic moments of nuclei can be detected through 
their effects upon the electrons of the atoms (4). 
The change in nuclear mass and radius from the addition 
of neutrons causes a shift in the electron energy levels. 
This isotope shift can be broken into two parts, one part 
arising from the change in size of the nucleus and the other 
arising from the change in mass. Electrons with orbits which 
penetrate the nucleus (S and states) are sensitive to 
nuclear size changes. However, the addition of a neutron 
also changes 'the center of mass of the nucleus-electron-
cloud system shifting the electron energy levels. The exact 
size of this mass shift depends upon correlations between 
all electrons in the atom,, which makes calculation of this 
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effect very difficult. The estimate of the specific mass 
shift is the single largest source of error in the 
determination of the change in nuclear size for this type of 
experiment. 
The outer electrons are sensitive to the magnetic dipole 
and the spectroscopic quadrupole moments of the nucleus. The 
effect of these moments upon the electronic structure is to 
split a level into several sublevels. The number of these 
sublevels depends upon the nuclear and electronic spin. The 
splitting separations depend upon the electron wavefunction 
and the sizes of the electromagnetic moments of the nucleus. 
Review of Spectroscopic Methods 
A relatively new tool for spectroscopy is the high-
power, narrow-frequency tunable laser. The resonant • 
inte^raction cross section between atoms and photons 'is large 
7 17 ("x ) and beam fluxes of 10 photons per sec are not 
difficult to obtain. The spectral purity aind high degree of 
polarization of a laser makes possible great selectivity in 
the atomic transition smd sublevel being probed. 
The major spectroscopic techniques that have been used 
to probe short-lived nuclei can be arouped into three types; 
1) RAdiation Detected Optical Pumping (RADOP), in which 
radiation from the nuclear decay is detected; 
2) Atomic Beam Resonance (ABR), in which the atom itself is 
detected; and 
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3) Resonance Fluorescence, in which light scattered by the 
atom is detected. All of these techniques have been used for 
many years, but recently lasers have been used to increase 
their sensitivity. 
In RÂDOP (3), as well as in the later LINO (Laser 
Induced Nuclear Orientation (5)) and LINUP (Laser Induced 
NUclear Polarization (6)) techniques an atom is optically 
pumped, partially aligning the nucleus with the polarization 
of the light source. An angular asymmetry may exist in the 
nuclear decay of the aligned nucleus. This alignment occurs 
when the laser is in resonance with one of the atomic 
hyperfine components. The hyperfine structure can be 
obtained by monitoring the anisotropic nuclear decay as a 
function of laser frequency. The great strength of this 
technique is the sensitivity of nuclear radiation detection. 
The technique of atomic-beam resonance is among the 
oldest used for hyperfine structure work (7). Huber et al. 
(8) updated this technique to probe long chains of 
radioactive alkali isotopes (8, 9). In this system, a laser 
beam is used to alter the population distribution of the 
atomic m^ sublevels. The beam of radioactive atoms then 
enters the field of a strong sextapole magnet, where the 
nuclear spin, I, and electron angular momentum, J, decouple. 
The magnetic field gradient is set to focus only one m^ 
group onto the detector. The detector, a hot tungsten tube. 
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Ionizes the focused beam of atoms as they pass through. The 
ions are then mass separated and counted by an electron 
multiplier. Optical resonances are observed by monitoring 
focused atoms of a particular mass as a function of laser 
f requency. 
The two techniques described depend upon aligning the 
atom. As a result of this they do not work for spin zero 
nuclei. If a nucleus has an even number of protons, 
resonance fluorescence must be used to obtain information 
about the even neutron nuclei. 
In resonance fluorescence experiments the hyperfine 
structure is probed by monitoring the laser light resonantly 
scattered by an electronic transition of an atom or ion. In 
experiments where the Doppler width of the optical 
transition is not a concern, a gaseous sample can be 
contained in a cell (10). If the Doppler width is comparable 
to the hyperfine or isotope shift splitting, and the density 
of atoms is insufficient for saturation spectroscopy 
techniques (11, 12), then an atomic beam must be used. 
Atomic-beam experiments have been performed with off-line 
(not directly coupled to an accelerator) thermal atomic 
beams (13) and with on-line fast beams (14, 15). A malor 
difficulty in resonance fluorescence experiments is the high 
baclcaround from scattered laser light. Normally resonance 
fluorescence methods are not as sensitive as techniques 
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employing non-optical detection methods because of the high 
background. 
Photon Statistics and the Photon-Burst Method 
Resonance fluorescence techniques, as a rule, have 
higher background rates than methods utilizing non-optical 
14 detection. In a typical experiment, roughly 10 photons/sec 
are being introduced into the system. If only one photon in 
a billion caused a background count, the background rate 
would be 10^ counts/sec. To attain sensitivity at the one 
atom/sec level, a way to discriminate between light 
scattered by atoms and light scattered by other sources is 
needed. If an atom excited by resonant light scatters 
photons at a rate of 10 MHz and if the light collection and 
detection system has an efficiency of 10%, the detection 
rate from one atom is 1 MHz. If the normal background rate 
is 10 kHz, the instantaneous signal rate due to an atom 
scattering photons is one hundred times greater thain the 
background rate. This very high rate for a short time can be 
used to discriminate between background counts and counts 
from atom scattered photons. This is the basis of the 
photon-burst method. It is important that an atom spend 
sufficient time In the laser light so that the average 
number of detected photons per atom is at least one. For the 
case considered, this time must be at least 1.0 usee. 
Previous work with bari'jm and sodium atoms utilizina a .5 mm 
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interaction region (16, 17) established, the effectiveness of 
the technique in increasing the signal to noise ratio. With 
this detection region, an atomic beam fluz as low as ten 
atoms/sec could be used. 
The statistics of the atom scattered photons for a two-
level atomic system have been calculated in various ways 
(18, 19, 20, 21), and the photon probability distribution 
changes as the exciting field strength is increased. The 
laser field strength is characterized by A, the Rabi 
frequency parameter, and the atomic transition is 
characterized by A, the Einstein spontaneous emission 
coefficient. If the laser field is very weak (û<< A), the 
probability of an atom scattering n photons in time t is 
P(n,t)=C(Rt)" e"*t]/n! 
R= A (A"/A^)/(l+2 Û^/A") 
=ACoccupation probability of upper state). 
When the field is very strong <0, >> A), the probability 
distribution is 
P(n,t)=C(At/2)" e"At/2]/n,, 
In these two extreme cases, the scattered photon probability 
distribution is a Poisson distribution. In the intermediate 
region (A" A), the probeibility distribution for on-resonance 
light is sub-Poissonian (18, 20), i.e., the width of the 
distribution is less than that of a Poisson distribution. 
The maximum deviation from Poisson statistics occurs when 
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A/Â=2^2. It has been shown ( 2 0 ,  22) that the deviation of 
the detected photon number distribution from the Poisson 
distribution depends linearly upon the light collection 
efficiency. If the light collection efficiency is low, a 
Poisson distribution is a good approximation in all cases. 
For an atom to be used effectively in a photon-burst 
experiment, it must have an electronic transition which 
meets two criteria: the transition must be fast, amd it must 
be essentially recyclable. A transition is fast if the 
atomic upper-level lifetime is much shorter than the atomic 
transit time. A transition is recyclable if the upper level 
can decay only to the electronic level from which it was 
initially excited. These conditions must be met if the atom 
is to undergo the many cycles of excitation and decay 
necessary for the photon-burst method to work. 
If the transition is not strictly recyclable, as shown 
in Fig. 1.1, ;Aiere the photon-burst transition is A-B, 
the atom will quickly be pumped into state C unless the 
probability of the B-C decay is much smaller than the B-A 
decay. The photon-burst method can be applied to such a 
B 
A 
Fia. 1.1 Three-level atomic transition 
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transition, but the photon statistics are changed by the 
possibility of decay to state C. If all atoms are pumped 
into the C level before leaving the laser becim. the 
probability of detecting n photons is (18) 
( Y ( 1 ) 
P__(n)= 
• (1+v (1+^) 
îrtiere y = R^/Rg, R^ is the rate of photon detection, and Rj 
is the rate of B-C transitions. Statistics of this kind are 
called optical-pumping-limited, as opposed, to transit-time-
limited statistics (the Poisson distribution). The optical 
pumping distribution is significantly wider than transit-
time-limited statistics (i.e., super-Poissonian, as opposed 
to the sub-Poissonian statistics on resonance light in a 
two-level system). 
The sensitivity of the photon-burst method depends upon 
the average number of detected photons received from each 
atom. The number of photons scattered by an atom during its 
trip through the laser beam can be increased by lengthening 
the laser-atom interaction region enhancing the sensitivity 
of the technique and extending its applicability to slower 
transitions. With this lengthened interaction region, small 
effects, such as B-C branching (Fig. 1.1) and momentum 
transfer from the laser beam to the atoms, become apparent 
and affect the photon statistics and fluorescence lineshape. 
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The barium 5535Â transition used in previous work (18) 
is of the type shown in Fig. 1.1. The number of photons 
scattered in a 0.5 mm interaction region used in that work 
is too small for many B-C decays to take place, so the 
three-level nature of transition was not apparent from the 
photon statistics. Scattering more photons should make the 
effect of the B-C branch appear, causing the photons 
statistics to substantially deviate from transit-time-
limited statistics. The detected photon probability 
distribution is then a mixture of the transit-time-limited 
and optical-pumping-limited statistics. The statistics of 
the detected photons can be used to measure the branching 
ratio of this transition. This is a new method. The atomic-
branching ratio is an important quantity in some laser 
isotope separation experiments, in experiments to cool and 
trap atoms with radiation pressure, and often a sensitive 
test of atomic wavefunction calculations. 
Previous work with this transition has suggested that 
the branching ratio is as low as 24 (23), i.e., for every 24 
B-A transitions there is one B-C transition. More recent 
calculations indicate the branching ratio is closer to 600 
<24). Experimental evidence for the ratio of 600 has been 
found through a photo-deflection experiment (25). A laser 
beam was used to impart transverse momentum to a thermal 
atomic beam. This momentum transfer "bent" the atomic beam 
11 
with the amount of bending being strongly dependent upon the 
number of photons absorbed. The branching ratio obtained 
from this photo-deflection experiment was 700. 
The Doppler Effect and Fluorescence Lineshapes 
The large number of photons scattered by an atom in the 
extended interaction region imparts a velocity along the 
laser beam to the atom. This velocity, through the Doppler 
effect, changes the ability of the atom to absorb photons. 
If the laser frequency is greater than the resonant 
frequency of the transition this chamge in velocity enhances 
the ability of the atom to absorb photons, but if the laser 
frequency is lower than the resonant frequency the 
probability of absorbing a photon is decreased by the change 
in velocity. This causes am asymmetry in the resonance 
fluorescence lineshape, which in turn causes the individual 
photon-burst spectra to be skewed. Asymmetries in individual 
burst spectra were not observed in the short interaction 
region experiments, but are apparent in the present work in 
cases where large numbers of photons are scattered. 
Due to the nature of photon statistics the burst spectra 
lineshapes are not Lorentzian, and narrow with increasing 
multiplicity. High multiplicity spectra can have linewidths 
less than the natural linewidth, and, in principle, are 
limited only by the frequency spread of the laser. 
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Equipment 
For photon-burst experiments the most important 
requirements for the laser system are long-term frequency 
stability and reliability. The burst method of data 
collection is necessary when extremely low beam fluxes of 
the sample are present. The sensitivity of the method 
enables beam fluxes of a few atoms/sec to be distinguished 
from background. Sweeping large frequency regions is 
necessary when searching for signals from new unstable 
isotopes. Time periods on the order of a day may be 
required. The system needs a frequency standard stable for 
such periods of time, and the entire system needs to be 
reliable enough for continuous operation for such time 
spans. In addition to long term reliability the laser 
linewidth should be less than that of the natural linewidth 
of the trsmsition being studied. This allows the line-
narrowing effect to be observed and utilised. 
The light collection system must be able to accommodate 
a laser-atom interaction region of over a centimeter in 
length with low scattered background light and uniform light 
collection efficiency. The amount of background is of 
critical importance. Higher sensitivity is obtained by 
scattering proportionally more photons compared to the 
background. In this work, the laser beam input power is 
increased to saturate the transitions of atoms crossing the 
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Interaction region. If the background scales with the size 
of the interaction region, there may be no gain in 
sensitivity over the .5 mm interaction region used 
previously. 
Photon Burst and On-Line Methods 
To use the photon-burst method to study short-lived 
nuclei produced on-line at an accelerator, the nuclei must 
be neutralized and delivered to the laser interaction 
region. A new technique being developed to produce 
radioactive nuclei and then transport them in the form of an 
atomic beam is the helium jet. Helium jets have been used 
previously to transport radioactive particles (26), but have 
never been used with a laser system. The helium-let 
transport system developed in conjunction with this work at 
Argonne National Laboratory is shown in Fig. 1.2 (27). The 
target chamber is aligned along the path of a heavy-ion beam 
which passes through thin tantalum windows and interacts 
with the foil targets. Radioactive nuclei are produced in 
1HI,XN) reactions. These heavy-ion reaction products recoil 
out of the foil, where they are stopped by the one 
atmosphere of He gas in the cell. The gas in the cell flows 
out through the capillary tube carrying along the reaction 
products. The helium expands into the volume of the upper 
chamber while the higher mass recoil products continue on 
downward throuah the skimmer. The skimmer is mounted on a 
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Figure 1.2 Helium jet system 
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plate which separates the low vacuum region ("lo"^ torr) of 
the upper chamber from the high vacuum region ClO'^ torr) 
of the lower chamber. The laser-radioactive atom interaction 
takes place in the high vacuum region below the plate. The 
target cell, helium, and capillary are kept at liquid 
nitrogen temperature, which raises the transport efficiency 
of the let. In tests of the trsuisported radioactivities, the 
system at ANL with two 2 mg/cm" Sn targets and a 50 particle 
na carbon beam, 10,000 nuclei/sec were delivered to the tip 
of the capillary. Of this 10,000, a few hundred pass through 
the skimmer. This small atom flux makes the use of the 
photon-burst method necessary. At present, the system has 
not yet transported activity in the form of free atoms. 
Photon Burst and Ezotic Atom Searches 
The sensitivity of the photon-burst method and the line 
narrowing effect can in principle be utilized to distinguish 
small numbers of "exotic" atoms from their host material. A 
search of this type has been made with sodium atoms looking 
for anomalously heavy isotopes (28). It is thought that 
extremely heavy particles present in the early stages of the 
development of the universe may have been incorporated into 
the structure of ordinary nuclei. These heavy isotopes, 
because of their high mass, would have a larrre isotope 
shift. This shift would distinguish them from ordinary 
atoms. Extremely high atom fluxes were necessary in this 
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experiment ("10^^ atoms/sec). This large atomic flux leads 
to a large fluorescence signal far from resonance, due to 
the long Lorentsian tails of the atomic resonance. The 
photon-burst line-narrowing effect reduces this background. 
This experiment was sensitive enough to detect one atom 
containing a heavy hadron per approximately 10^^ normal 
atoms (29). This experiment is being repeated with lithium 
which has the advantage that it was largely produced in the 
Big Bang. Because of the larger isotope shift for the 
lighter lithium nucleus, the sensitivity may be four orders 
of magnitude higher (30). A thermal beam of the relatively 
light lithium atoms will have velocities larger than in 
previous work, so it will be necessary to use a large 
interaction region, rather than the .5 mm region used for 
sodium. The effects of radiation pressure on the 
fluorescence lineshapes should also be quite pronounced. 
A second proposed exotic atom search using resonance 
fluorescence techniques is to look for an atom with a free 
quark attached to the nuclei (30). The photon-burst signal 
processing technique could be used to increase the 
sensitivity of the search. A free quark would shift the 
atomic resonance by a large amount, eliminating the large 
background in the previously mentioned heavy particle 
searches. A caveat of this experiment is that the exact 
energy of the quark-atom electron transition would need to 
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be calculated with high accuracy or else prohibitively large 
frequency regions would need to be searched. 
Thesis Structure 
The goals of this work are as follows: 
1) help develop the equipment necessary to do photon-burst 
spectroscopy in an extended interaction region and establish 
sensitivity limits; 
2) observe non-Poissonian statistics that arise from 
scattering light from a three-level atomic transition; 
3) use the non-Poissonian statistics as a new method to 
obtain weak atomic branching ratios; and 
4) verify the effect of photon momentum transfer from the 
laser beam to the atoms on the fluorescence lineshape. 
The thesis is arranged as follows; Chapter II describes 
the equipment necessary for photon-burst experiments; 
Chapter III covers the theory of photon statistics for a 
three-level system and the effect of photon-momentum 
transfer on the fluorescence lineshape; Chapter IV deals 
with the experimental problems that must be addressed when 
using a thermal atomic beam; Chapter V presents the 
experimental results and analysis; and Chapter 71 is a brief 
summary of the conclusions. 
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CHAPTER II. EQUIPMENT 
This chapter deals with the equipment that has been 
developed and assembled for high resolution laser 
spectroscopy. The basic components of the laser system are a 
commercial dye laser (Spectra Physics model 380a) in a ring 
configuration, with intra-cavity tuning and control devices, 
an active stabilization system to narrow the linewidth of 
the laser, and a method of generating a digital frequency 
scale at optical frequencies which is coupled to the dye 
laser. The active stabilization system and apparatus for 
frequency scale generation were developed for this work. In 
addition to the laser system itself, a device used to 
determine the absolute wavelength of the dye laser was 
constructed; an atomic beam chaimber with which to conduct 
experiments has been built; and photon-burst electronics to 
process the fluorescence signal were developed. 
Review of Dye Lasers 
Laser dves 
The extremely wide tuning range of the dye laser arises 
from the structure of the dye molecule used for the lasing 
action. Dye molecules are made up of long chains of carbon, 
hydrogen and oxygen atoms all essentially lying in a plane. 
The electrons within the dye molecule move in an 
approximately square well potential, resulting in energy 
levels of E^=(n )/8mL^ where L is the length of the dye 
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molecule, m is the electron mass, and n Is the quantum 
number giving the number of anti-nodes in the wavefunction 
of the electron. A long organic dye molecule also has many 
vibrational modes, some of which couple to the electronic 
structure. This superimposes a vibrational spectra on the 
square well potential, giving an energy level spacing such 
as that shown in Fig 2.1. These vibration lines are further 
broadened by collisions and electronic perturbations caused 
by the surrounding solvent. This gives rise to continuous, 
broad ground and excited states resulting in wide absorption 
and emission bands. These broad transitions allow the dye to 
absorb (and emit) light over a large wavelength region (31). 
All lasers require a population inversion between the 
upper and lower states to operate. In a dye laser, this 
inversion is maintained by "pumping" the dye with light from 
an external source as illustrated in Fig 2.2. The input pump 
light raises the dye molecule energy from its ground state 
to some vibrationally excited state in the upper level. The 
excited electron q«jicJcly (~10~^^ sec) drops to the lowest 
vibrational state in this level and then reradiates light by 
stimulated emission at a wavelength determined by the 
details of the laser cavity. The dye molecule quickly drops 
to the lowest vibrational level becoming available for 
additional excitations. 
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organic dyes 
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In between each set of the singlet levels that have been 
considered so far is a triplet level (32) (see Fig. 2.2). 
Transitions from the singlet excited,state to the triplet 
level are not as likely as the singlet excited to the 
singlet ground state, but once a dye molecule is in the 
triplet state it will not decay to the ground state for a 
very long time (1 ps for a triplet to singlet transition as 
compared to 1 ns for a singlet to singlet transition). After 
many cycles of excitation and decay, a large percentage of 
the dye molecules accumulate in the triplet state. Dye 
molecules in this triplet state are not availaible for lasing 
action. Also, since triplet to triplet transitions are 
possible, the dye molecules begin to absorb the laser light 
by trapping it in excited triplet states rather than 
emitting it in stimulated emission from singlet to singlet 
transitions. As time goes on, the absorption of the dye 
becomes greater than the gain of the dye and laser action 
ceases. The continuous wave (cw) dye laser avoids this by 
rapidly circulating the dye through cw laser pump light. 
Each dye molecule spends a short time passing through the 
pumping laser beam. The dye molecules accumulate in the 
triplet state as they pass through this beam, and then leave 
the pumping laser light. This allows the dye molecules to be 
replaced by fresh dye molecules that have not yet been 
trapped in triplet states. 
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A typical dye laser is shown in Fig. 2.3. The input pump 
light is supplied by an argon-ion laser and is focused onto 
a continuously circulating, optically flat dye stream. Three 
mirrors are used in the cavity. Two mirrors, the end mirror 
and the collimating mirror, are used to focus the laser 
light through the dye let. The flat output mirror completes 
the cavity. The radii of curvatures of the collimating and 
end mirrors are such that the light rays between the 
collimating mirror and the output mirror are parallel. This 
parallel section of light in the resonator cavity is a 
convenient region to place the various tuning elements 
needed to insure single frequency operation. 
Rincr lasers 
In dye lasers, of the type shown in Fig. 2.3, standing 
waves of frequency Mc/2L are set up inside the cavity, where 
M is some integer, c is the speed of light, and L is the 
optical path length of the cavity. Inside the dye let the 
standing waves set up regions of extremely high electric 
fields (anti-nodes) and regions of weak electric field 
(nodes). This condition has two effects; 1) the parts of the 
dye in the weak field region are not effectively utilized 
for lasing action, and 2) the portion of the dye not being 
utilized by the standing wave pattern is available for 
lasing at a frequency Nc/2L, where N is an integer different 
than M. The utilization of only part of the laser gain media 
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by a standing wave pattern, called spatial hole burning 
(33), reduces the laser frequency stability and efficiency. 
In a ring configuration, as in Fig 2.4, traveling waves 
propagate inside the cavity, avoiding the problems of 
spatial hole burning. However, the output of a laser that 
uses two counter rotating traveling waves does not have the 
frequency or amplitude stability of a laser with one 
traveling wave (34). In Fig 2.5b (35), an oscilloscope trace 
of the output of a ring laser which allows bi-directional 
propagation of traveling waves is shown. In Fig 2.5a the 
signal from the same laser operating with a single traveling 
wave in the cavity is shown. As can be seen this results in 
superior power and frequency stability. 
Uni-directional operation is achieved by introducing a 
small differential loss between the two different directions 
of propagation, through the use of a "uni-directional 
device". The device consists of a Faraday rotator (36) and a 
piece of optically active quartz (36). In the presence of a 
strong magnetic field, certain types of glass become 
optically active (the Faraday effect). Glass, in such a 
field, rotates the polarization of light passing throucrh it 
bv an angle 6=^7BL, where B is the magnetic field in Teslas, 
6 is In minutes of arc, L is the length of the glass in 
meters, and V the Verdt constant, which depends on the type 
of class being used. Both of the optically active materials 
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2.5a 
2.5b 
Figure 2.5 Fabry-Perot étalon display of laser output, 
8 GHz free spectral range. 
(a) Unidirectional operation, 20 mV/div 
(b) Bidirectional operation, 20 mV/div 
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rotate the polarization of the incoming light, but there is 
a basic difference; the direction of the angle of 
polarization rotation depends upon the direction of travel 
through the optically active quartz and is independent of 
direction for the Faraday rotator. Light that passes through 
the piece of quartz and is again reflected back throuah the 
quartz exits with the original polarization; light making a 
round trip through a Faraday rotator has its polarization 
rotated through an angle of 20. Horizontally polarized light 
first entering the quartz in the uni-directional device is 
rotated through a small angle 0 (0" 2.5 degrees in the laser 
being used in our work (37)). The Faraday rotator is so 
designed that after passing through it, the light is again 
horizontally polarized. Light traveling in the other 
direction, after passing through the Faraday rotator, has 
its angle of polarization rotated by -9 degrees. The 
optically active quartz rotates the polarization an 
additional -0 degrees, so the total rotation of polarization 
for light traveling in the other direction is 20 ("5 
degrees). Because of the large number of surfaces at the 
Brewster angle in the cavity, the light with the slightly 
rotated polarization experiences greater attenuation than 
licrht that is horizontally polarized. While the difference 
in losses for the waves traveling in the two different 
directions is small, it has been found (36) that a 
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differential loss of only .01% is all that is necessary to 
prevent lasing in both directions. 
Frequency control of a dve laser 
With a particular dye, a laser is capable of operating 
over a wavelength span of hundreds of angstroms. With no 
tuning elements in the cavity, the laser operates at the 
wavelength of highest gain, which normally is the peak of 
the dye emission curve (38). To change the laser frequency, 
the cavity gain as a function of wavelength must be 
controlled. In a Spectra-Physics 380a, this is done by 
inserting two étalons and a birefringent plate into the 
cavity. 
A birefringent plate with its optical axis tipped with 
respect to the direction of energy propagation rotates the 
polarization of light passing through it. To a good 
approximation, for a plate at the Brewster angle, the angle 
of rotation is (39, 40, 41) 
Szfn^-ng) T 3in^(r|)/(x sin9) 
where <n^-n ) is the difference between the ordinary and 
e o 
extraordinary index, n is the angle between the optical axis 
and the axis of polarization, T is the plate thickness and 0 
is Brewster's angle. If S=2ir, the polarization is rotated 
back into itself. As mentioned in the discussion of the uni­
directional device, the numerous surfaces at the Brewster 
angle in the cavity cause any ray not horizontally polarized 
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to suffer attenuation. Rotating the plate about Its axis 
(changing t)) chauiges the wavelength which is rotated through 
a multiple of 2ir, which in turn changes the cavity 
wavelength of highest gain. 
The bandwidth of a biréfringent plate tuner is on the 
order of 100 GHz. Longitudinal modes of a traveling wave 
laser occur every A\)=c/L, where L is the optical path length 
of the resonator. In the laser used for this work, ùv is 
roughly 200 MHz. If only a birefringent plate tuner were 
being used to control the frequency of the laser, all modes 
near the top of the flat gain curve of the tuner would lase. 
This condition would result in a very large linewidth 
("2 GHz). Consequently a device with a narrower bandpass, 
such as a Fabry-Perot étalon (42), which discriminates 
against adjacent longitudinal cavity modes is required. A 
Fabry-Perot étalon consists of two parallel partially 
reflecting mirrors a distance D apart. The condition for 
transmission through an Fabry-Perot étalon is 
MX=2D cose 
where 6 is the angle of incidence of the incoming licrht. 
The frequency difference between transmission peaks for 9=0 
is 
\>=c/2D. 
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This is called the free spectral range (FSR) of the étalon. 
The transmission through the étalon has an approximately 
Lorentzian lineshape given by 
1 
I{v)= 2 '~~2 
l+C4irD/(c(l-R) )3^ 
where R is the mirror reflectivity and VQ is the central 
frequency of the peak. The full width at half maximum of the 
bandpass is 
Av=c(l-R) / (2irD). 
The finesse of an étalon is the ratio of its FSR to full 
width at half maximum, or 
F=ir/(1-R) (43). 
In the 380a ring laser, two étalons are used. One of the 
étalons is thick (D "2 cm) and tunable, and the other is a 
thin (D~.l mm) piece of glass. The thick étalon is capable 
of discriminating against adjacent cavity modes, allowing 
only one cavity mode to lase. The FSR of this étalon is such 
that several of its transmission peaks exist inside the 
envelope of the biréfringent tuner gain curve at one time. 
The laser can operate at the frequency of any of these 
transmission peaks. During operation, the laser could 
spontaneously change frequency by the FSR of the thick 
étalon (mode hop). To suppress mode hopping, the thin étalon 
Is used to provide a third bandpass filter. This étalon 
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lowers the gain of the thick étalon transmission peaks that 
are not near one of its transmission peaks preventing 
frequency changing mode hops. 
With the gain modifying devices in the laser cavity, the 
laser frequency can easily be set to any cavity mode. The 
cavity mode nearest the thick étalon transmission peak is 
the frequency at which the laser operates. The frequency of 
this étalon transmission peak is given by 
u=Mc/2D. 
Since M is a very large number <u~5xl0^ GHz, c/2D~25 GHz) if 
D is changed by a very small amount the central transmission 
frequency changes significantly. A chsmge in length can be 
accomplished by varying the voltage on the piezoelectric 
crystal which spaces the étalon mirrors. For the thick 
étalon, if the distance between the mirrors changes by a 
part in a million, the central transmission frequency will 
shift by 500 MHz. This large shift in frequency for a small 
change in mirror spacina not only facilitates tuning the 
étalon, but also makes such devices susceptible to thermal 
effects. The étalon in the laser cavity is made of a 
material that has a very low coefficient of thermal 
expansion and is always kept at about the same temperature 
through the use of an external heater. 
If the thick étalon mirror spacing changes to such an 
extent that an adjacent laser cavity mode has higher gain. 
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the laser frequency will "hop" by 200 MHz. With the tuning 
elements described so far the laser frequency could only be 
changed in steps of 200 MHz rather than scsinned continuously 
as desired. In addition to the cavity gain controlling 
elements which select a mode within the laser cavity, a 
method of continuously varying the output frequency is also 
needed. This is accomplished through the insertion into the 
cavity of a piece of glass which can be rotated about its 
axis perpendicular to the light path. Rotating the glass 
changes the optical path length the light must follow to 
complete one trip around the cavity which in turn changes 
the frequencies of the cavity modes. Light passing through 
the rotatable glass plate (galvoplate) is displaced a small 
amount, depending on the angle that the light enters. To 
avoid changing the position of the light path inside the 
cavity two counter-rotating galvoplates are used. This 
minimizes variation in the power and position of the output 
light. 
The laser frequency can be continuously varied with the 
tunable thick étalon-galvoplate combination. To insure a 
smooth scan the transmission peak of the tunable étalon must 
be kept centered about the laser output frequency. A two kHz 
sinusoidal signal is sent to the étalon piezocrystal. This 
changes the spacing of the étalon mirrors by a small amount, 
which in turn changes the central transmission frequency of 
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the étalon, nils small two kHz shifting of the étalon 
central transmission peak causes a small four kHz amplitude 
modulation of the output power when the étalon is locked to 
the laser output frequency. A small fraction of this power 
is measured by a photodiode-beamsplitter combination. The 
siqmal is then multiplied by a square wave that has been 
phase locked to the two kHz étalon drive signal. If the 
étalon transmission peak is truly centered on the laser 
transmission, the result is, when low passed filtered, zero. 
If the étalon transmission peak is not centered on the laser 
frequency, the filtered signal has a net positive or 
negative value, depending upon the direction of the 
frequency drift. This signal, suitably amplified, is fed 
back to the étalon piezocrystal, forcing the étalon 
transmission peak to move toward the laser frequency. As the 
galvoplates are rotated, this lock forces the étalon 
transmission frequency to remain at the mode frequency. This 
arrangement insures continuous single mode scans of tens of 
GHz. 
DC Lock 
The linewidth of a dye laser is affected by many 
internal and external factors. Mechanical vibrations which 
change the cavity mirror position broaden the laser 
linewidth. Fluctuations in pressure and position of the dye 
let can similarly cause litter in the laser frequency 
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output. Careful attention must be paid to minimize these 
sources of noise to avoid large laser linewldths. To 
minimize mechanical vibration the laser resonator cavity 
must be made of a very rigid material and the laser must be 
isolated from mechanical vibration sources. The dye jet 
solvent must be viscous enough to provide a stable let. The 
laser used has a free running linewidth of about 40 MHz. For 
our applications the desired linewidth must be less than 
20 MHz, the natural linewidth of the 5535 A transition in 
barium. 
To narrow the laser linewidth to an acceptable level we 
have developed am active staQjilization system. The basic 
idea is the laser output frequency noise can be reduced by 
controlling its frequency with a device which is less 
sensitive to environmental factors than the laser. In this 
system the frequency sensitive device used to stabilize the 
dye laser is a commercial étalon. The mirrors of the étalon 
are spaced by Invar, a material which is relatively 
insensitive to thermal changes. It has a FSR of 8 GHz and a 
transmission peak FWHM of 40 MHz. Laser light passing 
through the étalon has a transmission curve as shown in 
Fig. 2.6. The étalon transmission and incident light 
intensities are measured. The difference between these two 
signals depends on the frequency of the input light. If the 
laser frequency drifts so that the light transmitted through 
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the étalon is given by A (Fig. 2.6), a signal proportional 
to A-C is fed back to the laser, forcing it to give the 
étalon transmission value C. If the frequency drifts so the 
transmission through the étalon is at level B, a feedback 
signal proportional to B-C is sent to the laser, and the 
electronic gain forces the laser to have an étalon 
transmission value of C. If the frequency manages to somehow 
get to frequency D, the electronics send the laser the same 
feedback that was sent to it îrtien it drifted to A. The 
frequency lock is lost when this occurs. To avoid this 
problem we take advantage of the fact that the laser 
frequency rarely suddenly changes by more than 200 MHz. If 
the frequency difference between points C and E (Fig. 2.6) 
is greater than 200 MHz, the laser frequency seldom hops 
outside of the étalon capture range. In this étalon 
configuration the laser stays locked for many hours at a 
time. 
The feedback signal sent to the laser is split into two 
components: a low frequency component sent to the 
galvoplates and a high frequency component that is sent to a 
low mass cavity mirror mounted on a piezoelectric crystal 
(Ficr. 2.7). This arrangement is necessary because the 
massive iin comparison to the low mass mirror) galvoplates 
have a mechanical resonance at 500 Hz. The electronics for 
the Talvoplates is desicrnsd to roll off the frequency 
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response of the sunplifiers to insure that the gain is much 
less thcun one at 500 Hz, avoiding this resonance. As the 
laser frequency is scanned a compensating ramp voltage is 
added to the slow signal of the DC Lock. If this ramp were 
not used an error signal proportional to the scanning 
frequency change would appear in each feedback circuit as 
the laser is scanned. Each feedback circuit has a similar 
ramp signal added to its output, so the lock systems only 
need deal with the random frequency drifts and the non-
linearities of scanning elements. 
The high frequency signal is AC coupled amd responds to 
noise from above DC to well over 10 kHz. This feedback 
signal, suitably amplified, is sent to the piezocrystal 
mounted mirror (M2 in Fig. 2.4). Moving the mirror changes 
the optical path length of the laser cavity which shifts the 
cavity modes, just as the cavity modes shift frequency when 
the galvoplates are rotated. 
This dual fast and slow lock system reduces the laser 
linewidth from above 40 MHz free running (no external 
stabilization) to 7 MHz when locked to the 8 GHz étalon. A 
spectrum taken with this system is shown in Fig. 2.8. The 
natural linewidth of the transition is " 250 kHz (44), and 
the Doppler linewidth of the atomic beam used is roughly 
1 MHz. Each horizontal mark is .911 MHz. The linewidth that 
is not due to Doppler broadening of the line or the natural 
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linewldth of the transition Is assumed to be due to the 
llnewldth of the laser. 
Heterodyne Lock 
The laser system thus far described has a relatively 
narrow linewidth and is capable of being scanned, but its 
long term frequency stability is determined by the frequency 
stability of the 8 GHz étalon. An unstabilized étalon such 
as that being used in this system can easily drift tens of 
MHz an hour. A thermally stabilized, pressure regulated 
étalon would be better, but a system consisting of a dye 
laser and locking reference étalon would not have a 
convenient, reproducible frequency scale that is important 
for hyperfine structure measurements. Although other methods 
have been developed using only étalons (45) or external 
interferometers (46) as the ultimate frequency reference and 
frequency scale for laser systems, this system uses an 
optical heterodyne technique to generate the frequency scale 
and a stabilized transverse-field Zeeman laser as the 
frequency reference. The basic technique has been described 
by others (47, 48) but the execution in this system is 
somewhat different (49). The components needed for the 
heterodyne system are a stable reference laser, a tunable 
laser, and a method to control the frequency difference 
between them. 
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The beat frequency between the two lasers can be 
controlled by changing the frequency of the tunable laser. 
The frequency difference, after being scaled by a computer 
controlled divisor, is equivalent to a phase-locked voltage 
controlled oscillator in a frequency synthesizer. The 
frequency of the tunable laser can be changed by changing 
the divisor. The absolute frequency stablity is determined 
by the stêibility of the reference laser. 
The tunable laser was constructed using a short 
(10.5 cm) helium neon (He-Ne) plasma tube sealed with 
windows mounted at the Brewster angle. External mirrors, one 
flat and the other with a radius of curvature of 60 cm, are 
mounted in precision angular-positioning devices (Oriel 
Model 1435). This particular choice of mirrors (60 cm, flat) 
was found to produce more power and make the laser less 
likely to operate in transverse modes other than the lowest 
order mode (TEMqq) (50) than mirrors with smaller radii of 
curvature. The angular positioning devices are mounted on 
aluminum blocks which are spaced by Super Invar rods roughly 
15 cm apart. This distance is as close as the mirrors can be 
placed and still allow access for mirror and Brewster window 
cleaning. The separation of the mirrors has a large effect 
on the tuning range of the laser. A gas laser, such as a He-
Ne, can only operate in a frequency range fixed by the 
atomic transition being used and its Doppler width. For this 
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particular laser the Doppler broadened gain curve is 
approximately 1.5 GHz wide, i.e., the laser can operate at 
any frequency inside this 1.5 GHz envelope. The 60 cm radius 
mirror can be moved with an applied voltage to the 
piezoelectric crystal device which positions it. The laser 
frequency is continuously tuned by changing the cavity 
length. If the laser cavity length is changed such that aui 
adjacent cavity mode has higher gain, the laser frequency 
changes by c/2L. The frequency between the hops is the 
tuning range of the laser. Making the spacing between the 
mirrors (L) as small as possible makes the frequency between 
mode hops as large as possible, maximizing the tuning range. 
For this laser the maximum tuning range is roughly 1.12 GHz. 
The reference for this heterodyne system is a commercial 
laser (Laboratory for Science Model 200) incorporating a 
standard internal mirror Spectra-Physics He-Ne plasma tube 
placed in a transverse magnetic field. Normally, a tube of 
length greater than 20 cm, such as this, operates on more 
than one longitudinal mode. However, a normally multi-mode 
He-Ne placed in a transverse magnetic field of between 200 
to 3500 gauss operates on single cavity mode (51, 52). This 
effect, known as single mode collapse, is thought to be 
caused by the Zeeman frequency shifts in the neon sublevels. 
When the shifts approach the mode spacing-, the mode 
structure of the multi-mode laser collapses, due to mode 
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coupling, leaving a single strongly lasing mode (52). Due to 
the magnetic field the gas in the tube emits light that is 
linearly polarised along the pi and sigma axis. The 
magnetically induced birefrigence in the gas causes the two 
polarizations to have slightly different frequencies. The 
frequency difference between the pi and sigma components of 
the single mode varies as the mode is tuned across the gain 
profile of the He-Ne. This frequency difference cam be 
exploited to produce a simple frequency stabilization 
scheme. Zeeman lasers stabilized in this manner (controlling 
the frequency difference between the two polarizations) have 
central frequencies that are extremely stable, some 
experimenters claiming a frequency variation of one part in 
10^^ (53). The frequency stability claimed by the 
manufacturer of the laser being used in this system is a 
variation of less than 300 kHz per day. 
The heterodyne frequency between the stabilized Zeeman 
laser and the tunable laser provides the frequency scale for 
the system. A beat note is obtained as shown in Fig. 2.9. 
The two laser beams are expaunded to the same size and set to 
focus at infinity with beam expanding telescopes (B.E.). The 
beams are then focused by a lens onto the small active area 
of a fast photodiode (PD5). The stabilized laser is 
extremely sensitive to retro-reflected light. The x/4 plate 
is placed between PD5 and the staibilized laser to 
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interchange the polarization of reflections from the fast 
photodiode, which results in greater stability. The signal 
from the photodiode is amplified by two Hewlett-Packard 
10855A preamplifiers. This .2 V peak to peak sinusoid is 
amplified and converted to TTL levels by a Racal 9915 
frequency meter. The counter not only changes the analog 
heterodyne signal to a digital TTL signal but also provides 
a convenient monitor of the heterodyne frequency. The 
frequency of the TTL signal from the first decade counter of 
the frequency meter is then divided by four and further 
divided by some large number N (typically N is between 250 
and 1500). The result is phase locked to 10 kHz. The output 
of the phase sensitive detector provides an analog signal 
whose cunplitude is proportional to the phase difference 
between the heterodyne frequency divided by 40N and 10 kHz. 
This signal is used to drive the piezoelectric crystal 
mounted mirror of the tunable laser forcing it to maintain a 
frequency difference of 40NC10 kHz]=[.4 MHzHN from the 
staibilized laser. By changing N to N+1 (or N-1) the 
frequency of the tunable laser can be changed in steps of .4 
MHz. This generates the frequency scale. 
Transfer Etalon 
What has been described are two separate laser systems: 
first, a narrow frequency dye laser, and second, a dual He-
Ne laser system that is capable of generating and 
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maintaining a frequency difference of 100 to 700 MHz between 
the two lasers and whose cibsolute frequency is stable within 
300 kHz per day. A confocal étalon has been constructed to 
couple these two systems, transferring the frequency scale 
of the heterodyne lock to the dye laser. This is 
accomplished by locking a tramsmission peak of the étalon to 
the tunable He-Ne and locking the frequency of the dye laser 
to a second transmission peak of the étalon. As the tune&le 
He-Ne laser frequency changes, the dye laser frequency is 
forced to track. 
A diagram of the transfer étalon system is shown in 
Fig. 2.10. Light from the tunable He-Ne and the dye laser 
are combined on a beamsplitter. The two beams are sent 
through the étalon, and the transmitted dye and He-Ne light 
is separated by a dichroic beamsplitter (36) and detected by 
two photodiodes. Light striking PD3 (Fig. 2.10) passes 
through an interference filter, which eliminates light of 
wavelengths other than that of the He-Ne laser. This 
prevents the dye laser light from masking the He-Ne signal 
at PD5. Since the tunable He-Ne light is vertically 
polarized and the dye light is horizontally polarized, a 
polarizing filter prevents He-Ne liaht from striking the dye 
pho t od i ode (PD4). 
Figure 2.10 Transfer étalon 
lock schematic 
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The étalon is swept 6 MHz with a 1 kHz sinusoidal 
signal. As discussed previously, if the transmitted light 
frequency is centered with respect to the swept étalon 
transmission peak, the light intensity has a minimum 1 kHz 
amplitude and a maximum 2 kHz amplitude. The 1 kHz signals 
from the two photodiodes are received by their respective 
phase sensitive detectors (PSDs) which are referenced to the 
driving signal. The signal from the dye laser PSD is 
proportional to the frequency difference between the laser 
output frequency and the étalon transmission frequency. This 
signal is sent to the eight GHz étalon, which controls the 
dye laser output frequency through the DC lock. The signal 
from the tunable He-He PSD is proportional to the frequency 
difference between the étalon central transmission frequency 
and the tunable He-Ne frequency. This PSD signal is fed back 
to the étalon keeping its transmission frequency centered on 
the He-Ne output. Chamging the tunaible He-Ne frequency 
forces the étalon transmission frequency to change, which in 
turn forces the dye laser frequency (through the DC lock) to 
change. 
The étalon has a FSR of 466 MHz and is sealed in its own 
vacuum chamber to avoid problems with differential changes 
in the index of refraction of air associated with changes in 
pressure. The dye laser frequency is adiusted to have a 
transmission peak throucrh the étalon at some frequency 
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Fi=nj^c/4L, where c/4L is equal to 466 MHz. The tunable He-Ne 
laser has a similar transmission peak at some frequency 
MHz. The dye laser frequency is then forced to 
stay at frequency by locking it to the étalon. The étalon 
length is controlled by keeping the n2 transmission peak 
centered on the tunable He-Ne laser frequency. 
If the tunable He-Ne frequency changes from F2 to F2' 
(by changing the heterodyne lock number N to N') the étalon 
changes its length from L to L + ûL to keep the He-Ne laser 
transmission peak centered. This forces the dye laser to 
change its frequency from F^=ng^c/4L to Fj^'=nj^c/( 4(L+ ûL) ), 
so 
Fi'=niC/4L(l+ ûL/L)=nj^c(l- AL/L)/4L 
or 
Fi-Fi'=ni(ûL/L)466 MHz 
since AL is very small in comparison to L. The He-Ne 
frequency change is 
F,-F2'=n2C( AL/L)/4L=n2( ûL/L)466 MHz. 
The frequency change F2-F2' is a known quantity controlled 
by the heterodyne lock system. The change in the dye laser 
frequency is then 
^1~^1'=(n^/n2)CF2-F2']. 
The ratio n^/n2 is equal to the ratio of the dye laser 
frequency to the He-He laser frequency, which is known. As 
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the He-Ne frequency Is changed, the dye laser changes 
frequency by a known aunount giving the dye laser an accurate 
and reproducible frequency scale. The tunable He-Ne, through 
the Zeeman laser has its absolute frequency held fixed, and 
through the transfer étalon the dye laser frequency is held 
stable over long periods of time. 
The system scan range is fixed by the scan range of the 
heterodyne lock (roughly 500 MHz). After scanning one 
frequency region with the heterodyne lock, the dye laser 
frequency can be changed by the FSR of the étalon, accessing 
a frequency region 466 MHz higher (or lower). Using this 
technique the frequency scale can be extended from its 
500 MHz heterodyne lock limitation to many gigahertz by 
successively jumping the laser frequency by the FSR of the 
transfer étalon. 
This completes the description of the laser system which 
possesses the following properties: 
1) wide wavelength tuning range (use of dye laser); 
2) high power and frequency stable light source (use of ring 
configuration); 
3) narrow frequency light source (use of active 
stabilization); 
4) accurate, reproducible frequency scale (use of heterodyne 
lock system); 
5) long term absolute frequency stability (use of Zeeman 
laser); 
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6) wide frequency range with calibrated scan (use of 
transfer étalon). 
Wavemeter 
To set the dye laser frequency to the desired atomic 
transition, some method is needed to measure the absolute 
wavelength. À Michelson interferometer (36) with an arm 
terminated by a reflector movable over a one meter length 
has been constructed for this purpose. The geometry is based 
on a design by Kowalski et al.(54). À corner cube 
(Fig. 2.11) is mounted on a twenty five cm air track glider 
so the cube can be smoothly moved over long distances. The 
laser light is separated by a beamsplitter. The two beams 
follow different paths, one path leading directly to the 
photodiode, the other reflected and displaced by the corner 
cube and recombined with the first beam by a second 
beeumsplitter. If the corner cube moves a distcuice of x/2, 
where x is the wavelength of the dye light, the path length 
difference between the two beams changes by x. As the cart 
moves, the two collinear beams alternately go from being 
completely in phase to being completely out of phase. Thus 
the photodiode detects a sinusoidal variation of the 
incoming wavefront. The number of fringes counted depends on 
the distance the cart moves and the wavelength of the 
incoming light. The distance the cart moves is measured by 
sending a He-He beam along the same path as the dye light 
HELIUM NEON 
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but in the opposite direction. The ratio of the mimber of 
dye fringes counted to the number of He-Ne fringes counted 
in the same distance is the ratio of the two frequencies. 
The wavelength of the He-Ne laser is well known (6328.198 
A), so the wavelength of the dye light is easily obtained 
from this ratio. In practice a two channel counter is used 
to count the nodes. The counter is programmed to stop after 
receiving a preset number of He-Ne light fringes. The number 
is some convenient power of ten (100,000 or 1,000,000 
typically) so the frequency ratio is easily read from the 
counter display. 
In one complete trip of the cart aloncr the air track, 
the cart moves through roughly six million He-Ne laser 
nodes. Using this entire distance would result in a 
statistical precision of about 80 MHz. This precision is not 
necessary since the device is used only to set the dye laser 
frequency close to an atomic transition. The dye laser, when 
not locked to external electronics, can easily scan 10 GHz, 
so a million (roughly good to 480 MHz) fringes are all that 
are normally used. Kowalski et al. have stated (54) that an 
air track wavemeter such as this might possibly have its 
q 
accuracy pushed to a part in 10", but because the He-Ne used 
is not stabilized and there are problems in obtaining a 
smooth travel of the air cart, a part in a million precision 
is the limitation of the present device. 
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Atomic-Beam Chamber 
The atomic-beam chamber houses the apparatus that 
produces the atomic beam, the light collectors, and parts of 
the optics chain. This provides an atomic beam for off-line 
experiments and a reference atomic beam during on-line 
experiments. 
The chamber is built out of standard four inch 
"dependex" couplings. The vacuum is maintained with a four 
inch diffusion pump. A liquid nitrogen cold trap between the 
diffusion pump and the rest of the chamber is used to 
prevent oil from the pumps from backstreaming into the 
chamber, coating the light collectors and destroying them. 
Pressures of 10~® to 10"^ torr have been obtained with this 
pumping system. 
The atomic beam is produced by evaporating a sample of 
the element being studied below a pair of small circular 
apertures. The ssmple is held in a tantalum crucible which 
is in turn placed in a resistively heated oven. The oven has 
reached temperatures as high as 1200°C as measured by an 
optical pyrometer. Power is supplied by 120 V AC line 
voltage going through a variable transformer and a 120V to 
12V transformer. 
The slit system above the oven allows atoms in a small 
cone to pass through the light collector. The angular 
divergence determines the Doppler width of a given element 
for the atomic beam being used. The circular slits are made 
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to be removable so the angular divergence appropriate for 
the particular experiment can be obtained. For this work the 
average Doppler width is 3 MHz for barium and the atomic 
. beam is .26 mm wide at the interaction region. 
The light collector is designed to accept as much of the 
light scattered from the atomic beam as possible while 
rejecting light from other sources. This light selection is 
done by using polished elliptical cylinders as mirrors with 
the atomic beam at one line focus and slits at the other 
line focus. Light scattered by the atomic beam is detected 
by photomultiplier tubes (Fig. 2.12). The slit separation is 
made as small as possible to reduce the background scattered 
light detected by the photomultiplier tube and yet allow all 
light scattered by the atomic beam to be seen by the 
photomultiplier tube. These considerations (large collection 
efficiency with low background rate) determine the shape of 
the ellipse. 
The light collection system is designed to accommodate 
an atomic beam roughly one mm in diameter. The size the 
image of a one mm source has at the second focus determines 
the slit opening. The "magnification" for ellipses of 
various eccentricities was determined usiner a two 
dimensional ray tracing program for axial (along the axis 
defined by the two foci of the ellipse) and transverse 
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Figure 2.12 Elliptical cylinder light collectors 
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(perpendicular to the axis defined by the ellipse) 
displacements from the focus of the ellipse. The results are 
shown in Figs. 2.13, 2.14, where $ is defined as in 
Fig. 2.12. The curves are labeled by the ratios of the minor 
to major axis of the ellipses. The transverse magnification 
can be positive or negative. As can be seen a more eccentric 
ellipse has higher magnification and the highest 
magnifications occur for angles less thsm ninety degrees. 
These regions of high magnification lead to large images at 
the second focus. This led to the geometry of Fig. 2.12b. 
The double ellipse system avoids the regions of high 
magnification and allows the two photomultiplier tubes to be 
run in coincidence giving further advantages that will be 
discussed in Chapter IV. 
As can be seen from Figs. 2.13 and 2.14 a less eccentric 
ellipse has a lower magnification. To minimize the 
magnification it would seem that an ellipse with a very 
small eccentricity would be desired. However, as the ellipse 
is made more circular the area truncated at the second focus 
becomes larger. This area cannot gather light for the 
photomultiplier tubes, so the light gathering power of the 
ellipse is reduced. Some compromise must be reached between 
magnification and truncation effects. The ellipse 
constructed has a major axis of five inches, a minor axis of 
three inches and four inches between the foci. This gives a 
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Figure 2.13 Transverse magnification for various 
ellipse geometries 
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Figure 2.14 Axial magnification for various ellipse 
geometries 
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total loss due to the truncation effect of 14%, with a 
maximum magnification (azlal) of 4.6. The elliptical 
cylinder was designed to fit into a four inch dependez 
multicross. 
The light collector is one inch high with flat top and 
bottom reflecting plates. The distance d (Fig 2.12b) is .4 
inches. The ellipse was cut back to minimize the scattering 
of Incoming laser light. It is truncated at the second 
focus. The light collection efficiency depends on the 
angular distribution of the light given off at the focus. 
For randomly polarized laser light the resonantly scattered 
light is isotropic. For laser light which is linearly 
polarized along the atomic beam, the spatial distribution is 
2 proportional to sin 6 (with the z axis along the atomic 
beam). A third distribution of interest is that of a long 
thin cylindrical lamp, which emits light in a sine pattern. 
The numerically calculated efficiencies of the elliptical 
light collector for these distributions are: isotropic, 40%; 
sine, 47%; sin^e, 49%, assuming a reflectivity of .96. The 
only distribution directly measurable is that of the lamp, 
which was found to be 34%. The discrepancy between the 
calculation and measurement may be due to basic 
imperfections in the light collector or to the finite size 
of the light detector used for the measurements. A three 
dimensional ray tracing program was used to calculate the 
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spatial and angular distribution of light leaving the 
ellipse which was scattered from the first focus. This 
program predicted 70% of the light scattered by a sin6 
distribution which entered the ellipse will strike a 
1.0 in dia. light detector positioned .1 in. from the second 
focus. This agrees well with the 72% (34%/47%) 
experimentally obtained. The light pipes used to transmit 
light to the photomultiplier tubes are larger (1.2 in. dia.) 
so that more of the light from the ellipses is captured by 
these pipes. 
The efficiency of the photomultiplier tube-preamplifier 
discriminator electronics system was measured with red light 
from a He-Ne laser and found to be 7%. According to the 
manufacturer's specifications, the photomultiplier tube 
sensitivity should be 1.5 times greater with green light 
from the barium 5535 A transition. 
The calculated efficiency for the ellipse when operating 
with a sine distribution is essentially the same as that of 
2 
a sin 0 distribution. In tests of the light-pipe-
photomultiplier tube combination the light detection 
efficiency with diverging He-Ne light was found to be 5% 
(55), as compared to 7% obtained with light normally 
incident on the photomultiplier tube alone. The light pipes 
have since been extended so this 5% efficiency should be 
viewed as a lower bound. The overall light collection and 
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detection efficiency of the system should be between the 
lower limit of 2.6% extrapolated from measurement 
[G^=(.34)(.05)(1.5)=2.6%] to the calculated value of 5% 
Ce^=(.49)(.07)(1.5)=5.0%3. 
The laser beam optics used in this experiment are shown 
in Fig. 2.15a. The light is first spatially filtered with a 
commercial pinhole-telescope (Jodon LPSF 100) amd expanded 
to the beam size required. In a coordinate system where X is 
along the laser beam, Z along the atomic beam and Y 
perpendicular to both, for the B and C distributions (see 
list below) the beam is focused to a line parallel to the Z 
axis one meter from the interaction region using a 4 m 
cylindrical lens. The beam is perpendicular to the atomic 
beam with the light rays parallel in the XZ plane. The 1/2 
mm (A distribution) interaction region is produced with the 
addition of a second 4 m cylindrical lens which focuses the 
laser light in a line parallel to the Y axis at the atomic 
beam, minimizing the length of the interaction region. This 
arrangement makes the laser beam width much larger than the 
atomic beam diameter at the interaction region, which 
insures that all atoms experience the same laser power 
profile. The laser light profiles are approximately Gaussian 
with a half width at half maximum of below). The 
various becum sizes and total input powers used are given 
below. 
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Figure 2.15a Laser beam optics system 
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Label Interaction Length(D^y2^ Input Power 
hi .26 mm .3 mW 
A2 .26 mm 1.0 mH 
A3 .26 mm 4.0 mH 
B1 1.5 mm 1.25 mH 
32 1.5 mm 2.5 mH 
B3 1.5 mm 5.0 mH 
CI 2.8 mm 5.0 mH 
C2 2.8 mm 10.0 mw 
C3 2.8 mm 12.5 mH 
The major source of background signal in this experiment 
is the laser light which is scattered from various surfaces 
inside the chamber and finds its way into the elliptical 
cylinder. To minimize background scattered light several 
adjustable slits with razor blade edges have been placed 
along the laser beam path (Fig. 2.15b). The incoming laser 
beam is normally focused in one dimension producing a one cm 
high ribbon of light inside the chamber. This beam passes 
through a window where it enters the chamber which is 30 cm 
upstream from the first slit. The beam is focused through 
the first slit (slit A). Since the lens being used is so 
weak (4 meter focal length) there is a long region of very 
narrow beam, making the exact placement of the focus not 
critical. It has been experimentally determined that a razor 
blade separation of 2.5-4 mm is optimum for this slit. If 
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this slit is opened wider than 4 mm, large numbers of 
photons produced by Rayleigh scattering in the entrance 
window are detected by the photomultiplier tubes. If the 
slit opening is less than 2.5 mm then the razor blades begin 
to scatter light. For slit openings between 2.5 and 4 mm 
there is no noticeable change in the background rate. To 
prevent light scattered by slit A from reaching the ellipse, 
a second slit (slit B) has been placed 80 cm away. The B 
slit opening which minimizes background is 8-10 mm wide. 
Again there is no difference in the background rate as long 
as the slit width is between these two limits. Slits A and B 
are constructed using commercial devices which consist of 
four mounts equally spaced about a four inch depended 
beampipe. Razor blades attached to these mounts form the 
horizontal and vertical slits. The mounts are coupled to an 
external micrometer allowing quick and accurate adiustments 
to the slit separation even when the chamber is under 
vacuum. Unfortunately, due to the design of these devices it 
is not possible to close the vertical slits to less than 2 
cm. The ellipse supports are made such that the background 
rate is much less sensitive to the vertical separation of 
the slits. While tests indicated that the background rate 
could be reduced a small amount by closing the vertical 
slits even further, this effect was small. 
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Epozled directly onto the front of the elliptical 
cylinder are razor blades with a horizontal separation of 
2.0 cm (slightly less than the 2.03 cm separation of the 
elliptical cylinders). These blades were found to have a 
drsimatic effect, cutting the scattered light background rate 
by a factor of 4.5. The region between slit B and the 
ellipse seems to be extremely critical for light scattering 
because every adjustment in this region has a large effect. 
Increasing the distance of slit B to slit C by 8 cm raises 
the background rate by a factor of 3. Decreasing the 
distance by a similar amount also increases the background 
by a factor of three over the rate at the optimum position. 
After much work, it was found that the first distance tried 
was the optimum. It is not understood why the background 
rate is so sensitive to the B-C slit separation. 
Downstream of the interaction region in the optics 
system are slits epoxied to the back of the elliptical 
cylinder and two light baffles (E opening 3.81 x 5.08 cm, F 
opening 5.08 X 5.08 cm) which prevent light scattered from 
the chamber walls from reentering the ellipse. Similar light 
baffles were placed between slits B and C but were removed 
after finding they greatly increased the background rate. At 
the end of the optics chain is a piece of liaht absorbing 
glass (Schott Glass RGIOOO) set at the Brewster angle for 
light with vertical polarization. This arrangement prevents 
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light from bouncing from the laser beam exit into the 
ellipse. The black glass was found to cut the background 
rate a factor of two over the previously used scheme, a 
window at the Brewster angle followed by a mirror, which 
reflected the exiting laser light to a far wall. 
With all of these components in the chamber, and with 
the interior of the chamber painted flat black the lowest 
background rate obtained for light from a He-Ne laser was 
3500 counts/mw-sec. 
Photon-Burst Counting Electronics 
The heart of the signal processing in this experiment is 
the master counter. This coincidence counter acts as a 
multichannel rate analyzer grouping events by their count 
rates. 
Pulses from the two photomultiplier tubes (Fig. 2.16), 
after being amplified and converted to TTL levels, are sent 
through an OR circuit connected to the input of the master 
counter. This counter contains a clock that controls the 
length of the counting interval. The first pulse in the 
event begins the counting interval and all additional counts 
received during the interval are included in the event. When 
the counting period ends the counter sends out a strobe 
pulse. This strobe enables the electronics which records the 
number of counts (multiplicity) in the event by incrementing 
the appropriate scaler. The counter then resets itself and 
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Figure 2.16 Photon burst counting electronics 
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Is ready to receive another pulse and start the process over 
again. 
The number of counts in an event is recorded by 
incrementing one of eight scalers. The master counter is 
connected to the scalers through a routing circuit. The 
strobe pulse sent from the counter signals the router that 
the counting is finished and causes it to increment the 
scaler corresponding to the multiplicity of the event. When 
the laser frequency is changed, the computer reads each 
scaler and adds the counts to the appropriate laser 
frequency bin with a separate spectrum recorded for each 
multiplicity. 
The two phototubes are connected not only to the photon-
master counter, but each tube is also connected to its own 
slave counter. The strobe pulse sent from the master counter 
must first pass through each slave counter before it reaches 
the router. The slave counters do not allow the strobe pulse 
to reach the router if a minimum number of counts have not 
been recorded by each counter. Counts must be received from 
both tubes before an event is recorded. The purpose of this 
scheme is to reduce background in spectra due to the 
autocorrelation in the dark counts of a single 
photomultiplier tube. 
The master counter is capable of operating in two ways, 
one in which the counting time is fixed (Mode 1) and the 
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Other In which the counting time Is variable (Mode 2). Mode 
1 operation is as describedr a pulse starts the counting, 
the counting continues for a preset length of time and then 
stops. In Mode 2, as in Mode 1, a pulse begins the counting 
but each additional pulse received resets the timer 
extending the counting period. As long as a pulse is 
received before the timing interval ends, the counting 
period continues. In Mode 1, the timing Interval is 
determined by the atomic-laser-beam transit time; in Mode 2 
this interval depends upon the time between the detection of 
atom scattered photons. Mode 1 Is used for short interaction 
regions and in situations where the atomic transit time is 
the same for all atoms, such as atoms from a helium let. 
Mode 2 is most effective when the atoms have a wide range of 
transit times, such as in a thermal atomic beam. 
71 
CHAPTER III. PHOTON STATISTICS AND FLUORESCENCE LINESHAPES 
Two-Level System and the Burst Method 
It has been shown (21) for a source scattering photons 
at a constant rate that the probability of scattering N 
photons in time T is 
N -(R T) 
P(N)=C(RT) e ® 3/N!. 3.1 
e 
The probability of detecting n of these N photons is given 
by the Bernoulli convolution 
•H» n N-n N -R T 
P(n)= E E (1-e) £C(R T) e ® D/NlÎCN!/Cnl(N-n)IDÎ 
N=n ® 
n -R,T 
= C(Rj^T) e 1/nl 3.2 
where e is the light detection efficiency and eRg=R^. If an 
atom spends 10 psec interacting with the laser light, and 
the photon detection rate (R^) is 1 MHz, then the average 
number of detected photons per atom (R^T) is 10. The 
probcUbility of detecting n photons from this atom is 
P(n)=C(10)" e"10]/n!. 
Background counts from scattered laser light also follow 
the same statistics. If the background rate were 10,000/sec, 
then during a 10 usee interval the probability of n 
background counts would be 
Pjj(n)=C( .1)" e"'l]/nl. 
In this situation the rate of multiplicity n backcrround 
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events would be 
Rjj(n)=9091 [(.!)* e"*^3/n!. 
The factor 9091 rather than 10,000 multiplies the 
probability due to a deadtime correction as will be 
explained in Chapter IV. If x atoms/sec were traversing the 
laser beam, the rate of obtaining n count events caused by 
atoms would be 
R^(n)=x [(10)10 e"l°]/n! 
as long as the probability of more thcin one atom in the 
laser light at a time is small. The rate of background 
events with a multiplicity of 10 would be 2 x lOT^^/sec and 
the rate of counts from atoms would be .125(x). 
The photon-burst method takes advantage of this strong 
dependence of probability on rate. When a photon is detected 
a clock is started and remains on for time T. All photons 
detected while the clock is on are included in this single 
event. The number of counts in the event, the multiplicity, 
provides a sorting mechanism. If there were only one count 
in the event, the one that started the clock, after the 
clock timed out the ones event bin would be incremented. If 
seven additional counts were received after the starting 
pulse during the counting interval, then one would be added 
to the eights bin. In the situation described in the 
previous paragraph (an atomic-transit time of 10 usee) a 
clock time of 10 ysec would optimize the signal to noise 
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ratio. !nie probability of obtaining multiple counts in 
10 lisec decreases much more rapidly for background light 
than for light from atoms. Only if the laser is tuned to an 
atomic resonance would events be present in high 
multiplicities. 
The barium transition at 5535 A is suitable for photon-
burst experiments. As can be seen in Fig. 3.1a, due to the 
small isotope shifts of barium, the signals from many stable 
barium isotopes are present in a very small region. The 
^^®Ba line was used for the experiment. The isotope ^^®Ba is 
even-even so there are no hyperfine structure effects to be 
considered and it is separated from other lines better than 
transitions in the other abundant even-even isotopes. This 
138 isotope is the most abundant, so a small beam flux of Ba 
insures an even smaller flux of other isotopes minimizing 
problems with the overlap of the Lorentzian tails of the 
lineshapes. The frequency region scanned in the 
experimental runs corresponds to channels 125-285 in 
Fig. 3.1a. Photon-burst spectra of this transition with a 
tenuous atomic beam are shown in the next few figures. In 
Fig. 3.1b, the twos (all events which consisted of two 
counts J are shown. There is no evidence of an atomic 
resonance in this frequency region. Fiq. 3.1c shows the 
threes. The background has dropped and two peaks have 
appeared. Moving on to the sevens, the background has fallen 
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considerably* The resonance consists of two closely spaced 
peaks, the separation of which is smaller than in the threes 
and the overall structure has narrowed. In the twelves, the 
background is zero, and the resonance consists of a single 
narrow peak. This behavior will be qualitatively discussed 
and equations derived for a quantitative description in this 
chapter. 
In the derivation of eq. 3.1 (21), the detection of a 
photon at time was assumed to have no effect on the 
probability of the detection of a photon at a later time tj. 
This is not strictly true for either background or atom 
scattered light. Background light should exhibit bunching, 
i.e., more high multiplicity background events should be 
received than predicted by Poisson statistics. Light 
scattered from atoms is anti-correlated in time, i.e.. 
detection of a photon at time tj^ lowers the probability of 
detecting a second photon immediately after the first. 
The photon bunching of the background light, known as 
the Hanbury-Brown Twiss effect (56), is due to the finite 
frequency width of the light source. Different frequency 
components of the laser interfere with one another, causing 
an overall cunplitude modulation of the laser output. The 
frequency of modulation is on the order of the inverse of 
the frequency spread of the laser (57). The laser 
instantaneous FWHM is approximately 1 MHz, so the photons 
80 
would be expected to bunch on the time scale of 1 ysec (22). 
The photon-burst clock time setting would need to be shorter 
than 1 ysec for this effect to become apparent. The counting 
times used in this work were much longer than this, so the 
bunching would be averaged over many cycles. Because of 
this, no deviations from Poisson statistics should be 
apparent in the background. 
After a two-level atom emits a photon it is in its 
ground state. Before the atom can emit smother photon, it 
needs to be raised to an excited state. The time delay 
between the emission of a photon and the subsequent 
excitation is the mechanism for anti-bunching. The effect of 
this on the photon number distribution has been calculated 
(18, 19, 20) and the results are functions much more 
complicated than the Poisson distribution. Exactly at 
resonance the photon number distributions which include 
photon anti-bunching are narrower than the Poisson 
distribution with fewer high and low multiplicity events 
than would be expected with Poisson statistics. The 
deviation from Poisson statistics is characterized by the Q, 
the second factorial moment, 
Q=(<(An)^>-<n>)/<n> 3.3 
where <n> is the averaae number of photons scattered and 
1 
<<An) > is the variance of the photon number distribution. 
The parameter Q is zero for the Poisson distribution. 
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negative for a sub-Poissoniem distribution and positive for 
a super-Poissonian distribution. The calculations of Cook, 
Lenstra and Mande1 are of atom scattered photon number 
distributions, not detected photon number distributions. It 
has been shown (20, 22) that the second factorial moment for 
the detected photon distribution is given by Q'=eQ where e 
the system light collection efficiency. The approximately 3% 
light detection efficiency of the apparatus used in this 
work implies the difference from Poisson statistics is very 
small. In the development of the photon number distributions 
for the three-level system two-level photon statistics are 
assumed to be Poisson. 
Photon Number Distributions in a Three-Level System 
In the barium 5535 A transition the excited 6s6p ^ P^ 
2 1 
state can decay either to the 6s Sq ground or to the 
metastable 6s5d state. The transit time of an atom 
through the laser beam is on the order of tens of usee and 
the lifetime of the metastable state is several msec (24). 
Once an atom decays into this state it is lost for photon 
scattering purposes. The number of photons is limited either 
by the atom leaving the laser light (as in the previously 
discussed two-level system) or by a branch to the metastable 
state. This pumping of atoms changes the probability 
distribution of the detected photons. If is the rate of 
detected photons then the probability of n detected photons 
with no branching in time t is 
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n -R,t 
P(n,t)=[(R^t) e 3/n!. 3.4 
If R2 is the rate at which atoms decay into the metastable 
state the probsibility/unit time for this decay is 
P(t)=R2®~^^2^^. The probability for a three-level atom to 
scatter n photons is then 
+00 T +00 
P,,(n,T)=/P(n,t)P(t)dt=/P(n,t)P(t)dt+/P(n,t)P(t)dt 3.5 
^ ^ 0  0  T  
where T is the atomic transit time. The T-*+<» integral 
represents atoms that have left the laser beam without being 
optically pumped. The probability of an atom surviving this 
_ ( P  T )  
interval without being optically pumped is e 2 , and the 
corresponding probability of emitting n photons is 
n -RLT 
Pfn,t)=P(n,T)=[(R]^T) e 3/n!, 3.6 
for t>_ T. The second integral becomes 
-MX) n -RT 
/ P(n,t)P(t)dt= C(R,T) e 3/nl 3.7 
T ^ 
where R=R^+R^. The first term in eq. 3.5 represents the 
probcibility distribution for those atoms which are pumped 
into the metastable state within time T and is equal to 
T n n k -RT 
; P(n,t)P(t)dt = (R,/R) (R-/R)€1-ZC(RT) e 3/k!}. 3.8 
0 k=0 
The total probability distribution is 
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n -RT 
Pg^(n,T)=[(R^T) e 3/n! + 
n -RT n k 
CBL/R] [R_/R] Cl-e Z (RT) /k!3. 
^ k=0 3.9 
An important quaintlty in the characterization of a 
probability distribution is 
+« 
<n>=Z n P(n> 3.10 
n=0 
the average value of n. For a two-level system this is given 
by 
•H» +00 n -R,T 
Z n P(n) = Z n C(R, T) e ^ 3/nI = R,T, 3.11 
n=0 n=0 
amd in the three-level case 
+00 
<n>= Z n P__(n) 
n=0 
-R,T 
= (R^/R^)(1-e ^ ). 3.12 
The rates Rj^ and R2 are equal to (l-xieR^ and xR^ 
respectively where x is the fraction of decays that go to 
the metastable state. If Y=R3^/R2= e(l-x)/x, then <n> can be 
written as 
-R^T/y 
<n>=y(l-e. ). 3.13 
This parameter y is also the average number of detected 
photons in the optical pumping limit (R^T-» +<») and plays an 
important role in this work. The quantity x is assumed to be 
much less than one so that R^=ER^ and v=e/x. 
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Alternatively the situation can be viewed as follows. If 
either a detected photon or a decay which branches to the 
metastable state is an event, then C(RT)'^ e~^^3/nl is the 
probability of n events. The probability that an event is a 
detected photon is y/ll+y), and the probability the event is 
a branch is l/d+y). There are two ways that n photons can 
be detected: there can be exactly n events, all of which are 
detected photons, or there can be at least n+1 events in 
which the first n are detected photons and the (n+lst) is a 
branch. The probability of the first case is 
[(RT)^ e ^^]/n! (the probability of n events) times 
CY/(1+V>3'^ (the probability that all events are detected 
photons). In the second case, the probcQjility of at least 
n+1 events is [(RT)^ e"^^]/ki, and the probability 
of exactly n detected photons followed by a branch is 
[^/(l+y)]"[l/(1+y)]. After branching, no photons can be 
detected, and therefore all the events of multiplicity n+1 
and greater must be included. This again implies 
n -RT 
p3j^(n,T)=C(RiT) e ]/n! + 
n -RT n k 
Cv/(1+V)] Cl/(l+\)DCl-e Z (RT) /k!]. 3.9 
k=0 
In eq. 3.9, R is a constant in the laser-atom 
interaction region. The laser beam profile used in the 
experiment is not constant, so the scattering rate is also 
not constant. As the atom moves through the beam its 
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scattering rate is Rg(t). For time dependent rate 
distributions, such as this, it has been shown (21) that the 
probability of n events is 
n -R,(t.,t_) 
P(n)=[ RjCtj^.tj) e ^ ]/n!, 3.14 
; Rgft) dt 
^1 
where t^ is the time the interaction starts and t2 is the 
time it ends. 
The rate of spontaneous emission, for the laser tuned to 
the resonant frequency of the transition (19), is 
R_=A (A^/A^)/(l+2 a^/A^) 
e 
where Q, is the Rabi frequency parameter and A is the 
Einstein spontaneous emission coefficient. The Rabi 
parameter is 
ii= 2ir<u|xl 1> *Ê/h 3.15 
where (u|x|l> is the dipole matrix element of the transition 
and Ê is the electric field strength of the exciting field. 
2 2 The dimensionless parameter A /A is equal to KI, where K 
depends on the particular atomic transition and I is the 
laser intensity. 
The actual laser intensity distribution aloncr the atomic 
beam is approximately a Gaussian profile. The spontaneous 
emission rate can be written as 
-(z/D)2 -(z/D)2 
Rg(z)=A Kl^e /(l+2KIjje ) 3.16 
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îrtiere CA KI^/(1+2X1^)3 Is the light scattering rate at the 
center of the laser beam (z=0) and. D is the distance from 
the center of the interaction region to the 1/e points of 
the Gaussian. In terms of the dimensionless quantity 
+00 -(z/D)2 -(z/D)^ 
0 = (1/D)/ CKI^e /(l+ZKI^e )1 dz 
+00 -y^ -y^ 
/ CKI^e /(l+ZKI^e )] dy 3.17 
the average rate <R>=<R^>+<R^> is defined as (e+x)A Ô. If 
the atom has velocity v perpendicular to the laser beam then 
-(vt/D)^ -(vt/D)2 
R(t)=(e+x)CA Kl^e /(l+2KI„e )1 
° ° 3.18 
+00 +00 -(vt/D)^ -(vt/D)^ 
/ R(t)dt=(e+x)A ; CKI e /(1+2KI e )3dt 
—00 —00 
2 7 
+00 -y^  -y-
={D/V)(e+X)A /CKI^e /(l+2KI^e )] dy 
= (D/v) (e+x) A 0 
= (D/v) <R>. 3.19 
From equations 3.14 and 3.19, the probability of n events 
with the rate varying is 
n -D<R>/v 
P(n)= C(<R>D/v) e D/n!. 3.20 
Using eq. 3.20 in eq. 3.9, the probability of n detected 
photons in this case is 
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n -<R>D/v 
Pg^(n,v)=({[y/(l+y)]<R>D/v} e )/n! + 
n -<R>D/v n k 
Cv/(l+^)3 Z (<R>D/v) /k!3. 
k=0 3.21 
The atoms In a thermal atomic beam do not all have the 
same velocity, but have the distribution (58) 
2 3 -(mv^/2K^T_) 
P(v)dv=2(2K, T /m) V e " ® dv, 3.22 
b e 
where is the Boltzman constant, and is the temperature 
of the oven. The three-level probability distribution must 
be averaged over the atomic velocity distribution to be 
compared to experiment. 
+00 
P3£^(n)= / P(v)P2j^(n,v) dv 3.23 
Define <T>=D<l/v>, where <l/v>=S_JP(v)/v dv, and let 
a=v<l/v>. Then P2^(n) is given by 
- +« 3 —ira^/4 n -<R><T>/a 
P3^(n) = (32/ir )/ a e da£( 1/n! ) ( <Rj^><T>/a) e 
n -(<R><T>/a) n k 
+CY/(1+Y)3 Cl/(l+v>3Cl-e Z(<R><T>/a) /k!]}. 
k=0 
3.24 
The quantity <R^> is equal to [y/(1+Y)]<R>, which is the 
average rate of detected photons in the absence of optical 
pumping. The three-level probability distribution is 
completely characterized by two quantities, <R^><T> and y. 
In the event ^-H-OO (indicating there is no branching) 
eq. 3.23 reduces to 
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(n) = (32/ir^) / a e 
0 
+« 3 —ira^/4 n -<R,><T>/a 
I e } daCd/nl )C<Rj^><T>/aD
3.25 
This is the probability distribution of a two-level system 
averaged over velocity (43). 
Photon probability distributions (eq. 3.24) are shown in 
Fig. 3.2. The lower multiplicities are dominated by those 
atoms that have been optically pumped. As the excitation 
rate increases, the likelihood that the atoms will be 
optically pumped increases. This causes the distribution to 
tend toward a simple power law, i.e.. 
The lower multiplicities are the first to show this 
behavior. Unfortunatelv these also have the highest 
background, which makes the interpretation more difficult. 
In summary, the three-level probability distribution 
depends only on <R^>(T>=[\/(1+Y)]<R><T>, the average number 
of detected photons in the transit time limit, and y, the 
average number of detected photons in the optical pumping 
limit. The most general expression is eq. 3.24, and the two 
limiting cases are eq. 3.25 and 3.26. 
<Rj^><T>-*^^ 
n 
Lim (n)=C^/(l+y)] CI/(1+^)3. 3.26 
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Figure 3.2a Photon number distributions for various 
values of R^T and y 
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Figure 3.2b Photon number distributions for various 
values of Rj^T and y 
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Q Parameters 
For a Poisson distribution, the second factorial moment, 
Qp, is zero. For an optical-pumping-limited system this 
parameter can be shown to be 
QopT' 3-27 
Using eq. 3.9,"Q for a three-level system is 
-(2R,T/^) l-R^T/y) 
yZl-e ^ ] - 2R,T e ^ 
QUF= 3.28 
(-R,T) 
CI - e ^ ] 
assuming a constant atomic transit time. If Rj^T<<y, the 
three-level distribution approaches the Poisson limit, 
lim Qm, =0 
R^T-K) 3.29 
and if R-^>>y the photon number distribution approaches the 
optical-pumping limit 
lim Q,t = y . 
3.30 
In Fig. 3.3 eq. 3.28 is graphed for various values of R^T 
and y. The y=5 curve saturates at value of Q3£=5 as 
expected. The values for higher values of y are close to 
zero for relatively large values of R^T, indicating that the 
distributions correspond to the Poisson distribution for 
these values of R^T and y, also as expected. 
If the atom transit time is not a constant the Q 
parameters of the distributions are changed. A Poisson 
distribution aver acred over a thermal atomic-beam velocity 
92 
eo" 
o> 
Y«5 
o 
10 20 30 40 R,T 
Figure 3.3 Second factorial moments for a three 
level system vs. photon scattering rate 
for "Y=5, 50, 500, for fixed transit 
time 
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distribution (eq. 3.22) has a Q parameter of 
QpT = (4/ir - 1) R^T. 
« .273 Rj^T 3.31 
which is a linear function of the number of detected 
photons. An optically-pumped distribution is independent of 
transit-time effects, so 
For the intermediate case, averaged over velocity is 
-R,T/v 2 -R,T/y 
Yd- <e > )- <R,Te > 
Q3rT= 3.33 
-R,T 
( 1 - < e >) 
where < > denotes an average over the transit times across 
the laser beam again assuming the velocity distribution 
given in.eq. 3.22. Graphs of vs. R^T for four values of 
y shown in Fig. 3.4. Also plotted is Qp>p. The Q vs. R^T 
curves for the two different cases have different shapes, 
but show the same behavior; for Rj^T<<fr Q3LT approaches the 
Poisson limit, emd for RjT>>y. saturates at v. An 
interesting reversal from the fixed transit time case occurs 
in that the velocity-averaged Poisson distribution is wider 
than the corresponding three-level photon number 
distribution. The difference in Q parameters of the three-
level distribution from the two-level distribution is not 
large for large values of y. For the experimental 
distributions in this work the Q values obtained are also 
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Figure 3.4 Second factorial moments for a two level 
system (Y=+ » and for three level 
systems with ^ =5, 10, 20, 40 
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affected significantly by the truncation effects of 
recording only multiplicities less than 31. The quantity Q 
is not a good parameter to use in characterizing 
experimental differences between two-level and three-level 
systems if the atomic light scattering statistics were 
obtained using a thermal atomic beajn. 
Lineshape Calculations 
Total resonance fluorescence lineshapes for two-level atoms 
As am atom moves through the laser beam the absorption 
of photons changes its velocity. The rate of change of the 
atomic momentum along the laser, assuming that the net 
momentum carried by spontaneous emission is zero, is 
dp/dt =(hv/c) Rg(t), 3.34 
where R^ft) is the spontaneous emission rate. This is given 
by (Coo 80), 
R (t)=AÛ^/C4(A-2irvVr (t)/c)^+ 3.35 
e L 
^ere SL is the Rabi frequency, A = w - , the angular 
frequency difference between the laser and the atomic 
resonance, A is the Einstein spontaneous emission 
coefficient, and v^(t) is the atomic velocity along the 
laser beam. Rewriting this as 
R^(t)=A (Û^/A^)/C(4/A^) (A-2irvVr (t)/c)^ +l+2û?/h^l. 
e L 
3.36 
2 ? 
The ratio SL /A" is recognized as KI, the previously used 
saturation parameter. If A is defined as 
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1 r 2*VV|. ( t ) 1 
A=- A 3.37 
A L c J 
then dA/dt=(2irv/Ac)dVj^/dt = (2irv/A) dp/dt, where p=v^/c. 
From (3.34) it follows that 
dp/dt= <hv/c) A KI/(4A^ +1+ 2KI), and 3.38a 
dg/dt= 1/mc dp/dt. 3.38b 
Using 3.37 and 3.38b to solve for A in terms of laser beam 
intensity, 
dA/dt=(2irv/Amc) dp/dt, and substituting for dp/dt, 3.38c 
dA/dt=(2irhv/rac^)v KI/( 1+2KI+4A^). 3.38d 
2 Define as (2irhv/mc )v. Rearranging terms and integrating 
yields 
4/3 CA^(t)-A^()]+( 1+2KI)[A(t)-A(tg)]=a^ KKt-t^) 3.39 
where A(t) is the value of A at time t. The parameter 
A(t)=(2irP(t)v-A)/A is proportional to the angular frequency 
difference between the resonant frequency and the laser 
frec[uency as a function of time. 
The laser beam profile is not constant throughout the 
interaction region, but is given by 
- ( z / D ) ^  
KI(z)=KI e . 3.40 
0 
The changing laser beam intensity must be taken into account 
to find the shift in the resonant frequency. Instead of 
using the continuous distribution, the laser profile can be 
approximated by N cells of equal width, such that is a 
constant in each cell, i.e.. 
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-(n/N - .5)2 
KI = KI e 3.41 
n 0 
where 3L__ is chosen to be the effective limit of the 
maz 
interaction region. The change in A(t^) as the atom 
traverses the n th region is governed by 
4/ 3CA^ ( t^ ) -A^ (t^_^)]+( 1+2KI^ )[A(t^)-A(t^_^) 3=a^KI^T/N. 
3.42 
For an atom which enters the laser light with frequency 
offset AQ, eq. 3.41 can be used iteratively to find A(t^), 
the frequency offset when the atom leaves the beam. 
A(T+tQ)-A(tg)=A(tjj)-Ajj 3.43 
From eq. 3.38c it follows that 
R^{v,t)=(eA/a^) dA/dt. 3.44 
The a ver acre value of R^(v,t) over the interaction region 
is 
t,+<T> t,+<T> 
<R (v)>=(l/<T>) ; R.(v,t)dt =(eA/<T>a ) / dA/dt dt 
h ^1 
= eA/<a^<T>) CA(<T>+tj^) -A(t^)] 
<Rj^(v)><T>=eA/a^ [A( <T>+t^)-A(t^)]. 3.45 
If an atom has zero velocity along the laser when it enters 
the beam, then A(t^) is proportional to the frequency 
difference between the laser and the center of the atomic 
resonance. A plot of eA/a^ CA(<T>+t^)-A(t^)3 vs. A(t^) ( e 
is the system light detection efficiency) is the atomic line 
shape that results if the laser liorht has zero frequency 
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width. The expression in eq. 3.45 for <Rj^(v)><T> when used 
in eq. 3.24 yields the photon-burst lineshapes. The total 
fluorescence lineshape is shown for a barium-like transition 
(FWHM 19.2 MHz, wavelength 5535 A (24), KI^=1, Gaussian besun 
profile with D=13.5 mm) for atomic masses of 138 and 14 in 
Fig. 3.5. The curve for the lighter mass nucleus clearly 
shows the asymmetry arising from the radiation pressure. 
Photon-burst lineshapes 
. In a two-level system with constant light scattering 
rate R(v) and constant interaction time T, the lineshape in 
an individual burst spectrum is given by 
C(R(v) T)" g-(R(\J)T)]y^, 3.46 
The stationary points for such a curve are determined by 
OR(v)/3v) (n-R(v)T)=0. 3.47 
One minimum (or maximum) occurs at the frequency of 
the peak of the fluorescence curve which satisfies 
OR(V ,„)/av)=0. For R(v„,^)T> n, maxima occur at v., where 
max max :
R(\u)T=n. If n >R(v_ ) T there is onlv one maximum which 
± max 
occurs at This change in curve shape with multiplicity 
is a clue to the number of detected photons at This 
simple result (eq.3.47) also holds for the three-level 
system. In general, for a two or three-level system if n<< 
R(v^^^)T, there will be a dip in the center of the curve; if 
n-R(v )T, the curve will be flattened near the peak; and 
max 
if n>R(v )T the curve will peak at 
max max 
For multiplicities n<R(v„^^)T the maxima in the burst 
max 
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Figure 3.5 Fluorescence lineshape resulting from 
scattering large numbers of photons from 
A=14 nucleus and A=140 nucleus 
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spectra occur at frequencies for which R(v+)T=n and the half 
maxima occur at frequencies for which the scattering rate is 
given by 
n -R(v, ,-,n)T n -n 
] e = n e 3.48 
in a two-level system. For n > R(T the frequencies of 
half maxima are given by 
n -R(v,,-,n)T n -R(v )T 
2CR(v, .-,n)T] e ^ =CR(v„^^)T3 e. 
•L/ A g  
For a massive atom, the fluorescence lineshape is a 
Lorentzian. The FWHM for a multiplicity n in units of the 
fluorescence FWHM is then given bv 
W= 4C(R(V^^^)T)-(R(VT /^,n)T)]/(R(\,^ /,>n)T) 
The values of cam be found using eqs. 3.48 and 
3.49. The widths for various multiplicities, in units of the 
resoncint fluorescence FWHM are shown in Fig. 3.5 for 
R(Vma^)T values of 5 and 10. The lower multiplicities are 
much wider than the natural linewidth, but the spectra 
narrow with increasing multiplicity. These calculations have 
not taken into account the effects of finite laser linewidth 
and power broadening on the burst spectra, but the general 
results are still valid: the lower multiplicities 
(n<<R(v ) T) are wider than the natural linewidth, the 
max 
spectra narrow with increasing multiplicity and, for 
sufficiently hiah multiplicities, the burst spectra have 
sub-natural linewidths. 
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Figure 3.6 FMHM vs. multiplicity for Rj,T=5, 10 
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The skewed resonant fluorescence llneshape gives rise to 
skewed photon-burst spectra. For n< R( the 
frequencies at which R(v^.)T=n are not symmetric about 
The nonlinear nature of the photon-burst function enhances 
the asymmetry causing the high frequency side of the curve 
to be suppressed at low multiplicities and enhanced at high 
ones. Because of this, the center of gravity of the photon-
burst spectra shifts towards higher frequency with higher 
multiplicity. This skewness is small and barely visible in 
Fig. 3.7a. To compare with the experiment, the curve must be 
averaged over the laser frequency profile with the result 
shown in Fig. 3.7b. The resulting line shape shows a clear 
asymmetry. The curves become more symmetric with higher 
multiplicity because of the line narrowing effect as 
discussed cibove. 
These effects can be characterized by the first three 
moments of the curves. The center of gravity is 
characterized by the first moment,(/^ v F(v)dv)/U, 
width by the second moment,(/^ \>^ F(v)dv)/U, 
and skewness by the third <F(v)dv)/U, 
where U=( F<\))d\>). To summarize, there are three main 
0 
effects to be noted in the spectra with increasing 
multiplicity. 
1) The center of gravity of the curves shifts toward hicrher 
frequency with increasing multiplicity. 
2) The linewidth narrows with increasing multiplicity. 
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Figure 3.7a Photon burst lineshape resulting from 
scattering large numbers of photons 
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Figure 3.7b Photon burst spectal lineshape resulting from 
scattering of large numbers of photons 
averaged over laser lineshape 
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3) The skewness of the curves chsuiges and becomes small for 
multiplicities larger than <n>. 
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CHAPTER IV. BACKGROUND AND ATOMIC VELOCITY EFFECTS 
Atoms from a thermal atomic beam such as that used in 
this experiment have a wide range of tramsit times across 
the laser light. This means there is no unique transit time 
to which the photon-burst clock can be set (see Chapter II). 
If the atom-scattered light statistics are to correspond to 
the transit-time-limited case (two-level system) or optical-
pumping-limited case (three-level system) the clock cannot 
be allowed to time out while an atom is still scattering 
photons. The premature ending of the counting interval can 
be avoided by choosing a clock time much longer than the 
average atomic-transit time. This procedure works well for 
the short interaction regions previously used, but for the 
extended regions of this experiment the extremely long time 
settings required would lead to a very slow reduction of 
background with increasing multiplicity. The long, variable, 
atom-laser interaction time can be accommodated and slow 
background reduction can be avoided by using a resettable 
(mode 2) counter. The clock reset time is set such that the 
high detection rate of atom-scattered light extends the 
counting interval as long as the atom emits photons. When 
the atom stops emitting photons the clock times out ending 
the counting period. The resettable clock tailors the 
counting interval to each atomic-transit time. Atom-
scattered light distributions are recorded 
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according to their statistics as derived in Chapter III 
without the slow background, reduction Inherent In long mode 
1 settings. This chapter deals with the background 
statistics in the resettable mode, how a reasonable reset 
time is chosen, and the effect mode 2 background 
Interference has on the atomic photon number distribution. 
The problems considered in this chapter needed to be 
addressed to take the data and to interpret it, but an 
understanding of this chapter is not necessary to understand 
the results. The reader can skip this chapter with no loss 
in continuity. 
Mode 2 Counting and Background 
The velocity distribution of atoms from thermal source 
is (58) 
2 3 -(mv^/K.T.) 
P(v)dv=2(2K^T^/m) v e dv. 4.1 D e 
The average time for a barium atom to cross a 1 mm beam is 
2.5 usee and 99% of all atoms have a transit time of less 
than 15 usee. If the background rate is 10,000 counts/sec in 
a 15 usee interval, there is an average of .15 background 
counts. If a one centimeter region is used, a coincidence 
time of 150 usee is required for 99% of the atomic-transit 
times to fall within this interval. Again with a background 
rate of 10,000 counts/sec there would be an average of 1.5 
counts/interval. The background would fall quite slowly with 
increasing multiplicity in this situation. A shorter clock 
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time can be used, tAilch suppresses the background in burst 
spectra, but this leads to a larger fraction of atoms for 
which the counting stopped while the atom was still 
scattering photons, thereby distorting the photon 
statistics. To accommodate the wide range of atomic 
velocities and avoid unnecessarily long counting times, a 
different scheme is needed. Rather than use a clock set for 
a long (>100 psec) time, a resettable clock set for a short 
("10 ysec) time is used. While an atom scatters photons, the 
detection rate is approximately one MHz. The time between 
counts from atom- scattered light is, on the average, much 
less than the 10 ysec reset time. This high rate keeps the 
counter on until the atom stops scattering photons. The 
average time between background counts is much greater than 
the reset time, making a high multiplicity event from 
background alone unlikely. (Choosing the reset time is 
clearly important: if it is too short the counting interval 
may be prematurely ended; if it is too long the background 
may continue to reset the clock long after the atom has left 
the beam. Whether a fixed-time clock (mode 1) or a 
resettable clock (mode 2) is used depends upon the atomic-
transit time distribution and the background rate present. 
As explained in (Zhapter II, the coincidence counter is 
turned on when it receives a pulse and it indicates the 
countina period is completed with a strobe pulse which 
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causes the computer to record the multiplicity of the event. 
Assume that only random background is present. The 
resettable clock strobing rate (S) with background rate 
and reset time T is given by (59) 
S'Rb « 
After a pulse is received, the probability of no 
additional background pulses occurring during the reset time 
T is 
-RwT 
P2(0)=e ° . 
The probability of exactly one additional pulse being 
detected, i.e., exactly one retriggering is 
-R. T T -BLT -PLT -R^T 
P_(l)=e ^ ; R. e ^ dt=e ° (1-e ° ). 
^ 0 " 
Similarly, the probability of exactly two additional 
retriggerings without breaks is 
-RLT T -R^T T -RV,T -RY,T -RY,X 2 
P2(2)=e ^ Rjj e " dt)(/ R^ e ^ dt)=e ° (1-e ° ). 
In general, the probsdjility of an n-length background photon 
chain, which implies n-1 clock retriggerings is 
-R. T -R.T n-1 
P2(n)=e ^ (1-e ° ) . 
The rate of mode 2, n-multiplicity background events is the 
strobing rate multiplied by the probability of n-1 
additional pulses or (60), 
-2RJJT -RJJT n-1 
N,(n)=R. e (1-e ) . 4.2 
Z D 
110 
For a mode 1 counter each strobe pulse represents a 
fixed counting interval T. The fraction of time the clock is 
on and counting is ST. The fraction of time the clock is not 
counting is also the fraction of the background counts which 
initiate a strobe pulse, i.e., (61) 
S/Rjj=(l-ST). 
Solving for S 
S=Rjj/ ( 1+RjjT). 
For a mode one counter the background count distribution is 
the strobe rate multiplied by the Poisson probability for 
n-1 additional counts (18) 
n-1 -R^T 
N^(n) = (Rjj/(l+R^T))((RjjT) e ° )/(n-l)l. 4.3 
As the background rate increases the two schemes 
approach different limits. The mode 1 strobe rate approaches 
1/T, the inverse of the clock time, while the mode 2 rate 
goes to zero, recording one event consisting of all counts. 
Several background curves are shown for different values of 
R^TfT) (Fig.4.la-b). These curves were obtained with 
scattered He-Me laser light with the background count rate 
adlusted by the changing amount of light sent into the 
chamber. The solid lines are values from calculations using 
the measured background rate and clock time setting in 
equations 4.2 and 4.3 and the points are the actual number 
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of counts measured at the various multiplicities for the 
mode, background rate and time setting indicated for each 
graph. 
For equal background rate and clock time settings, the 
mode 1 burst background rate decreases with multiplicity 
much faster than the mode 2. If the required mode 2 clock 
setting is T, and the mode 1 time required is MT, the ratio 
of the mode 1 background rate to the mode 2 background rate 
at multiplicity n is 
n-1 (2-M)RT 
N^(n) 1 (RJJMT) e 
Njtn) (1+R^MT) (n-1)! 
For an of .15 the calculated results are shown for 
various values of M (Fig. 4.2). If the longest atomic-
transit time to be accommodated is only two or three times 
that of the reset time required, the mode 1 scheme is 
preferable. For longer atomic-transit times the balance 
swings toward using a resettable clock. 
Dark Counts 
Due to phototube dark current the background 
distribution noticeably deviates from pure scattered light 
statistics at higher multiplicities. The dark counts tend to 
come in bunches, resulting in more high multiplicity events 
than would be expected for randomly scattered light. Bursts 
of dark counts are fairly independent of the mode two reset 
time. In Fig. 4.3, dark count rates for multiplicities 1-9 
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are shown for reset times between 2 and 50 psec. Even at 
multiplicity nine, there is no statisticaly significant 
difference between the 2 psec and 50 psec settings. For 
scattered light the ratio of the backgrounds for such time 
Q 
differences would be on the order of (25) . Since the dark 
count rate is much smaller than the light scattered 
background count rate (~200 dark counts/sec vs."10,000 
counts/sec from scattered light) and the dark counts are 
independent of reset time, there effect is easily removed in 
the background subtraction algorithm developed in the 
background interference section. 
Dark counts from two phototubes are assumed to be 
independent. If counts are required from both tubes to 
initiate a strobe pulse then the anomalously high event 
rates in large multiplicities do to autocorrelation in the 
dark counts of a single tube are greatly reduced. In 
Fig. 4.4a the result of requiring one photon from each tube 
is shown. The dark counts are reduced a factor of 100 by 
requiring one count from each tube and a further improvement 
of 100 can be obtained with a two counts/tube coincidence. 
Scattered laser light provides pulses to fulfill the 
coincidence requirements thereby reducing the effectiveness 
of this scheme. In Ficrs. 4.4b and c, graphs of data taken 
with both laser scattered light and phototube dark counts 
present are shown. Background is reduced when a coincidence 
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is required, but the reduction is not as dramatic as for the 
case with no laser scattered background light. Comparing 
Figs. 4.4b and 4.4c, the background reduction can be seen to 
be greater when the scattered laser light intensity is 
reduced. 
Requiring counts from each tube affects the multiplicity 
distribution by selectively discarding events. If one count 
is required from each tube, all events in which zero counts 
come from one tube and n counts come from the other are 
rejected. In general, for n incoming counts there are 2*^ 
possible ways for these counts to be distributed between two 
tubes. If one count is required from each tube, then two of 
these possibilities are rejected. The fraction accepted is 
Fai(n) = (2'^-2)/2'^. 
It is assumed that the tubes have equal light detection 
efficiencies. Similarly, when two counts are required from 
each tube the fraction accepted is 
Fa2<n) = (2^-{2+2n) )/2'^. 
When C counts are required from each tube, the fraction of 
counts accepted will be 
F^C<n) = (2"-2 
Tcible 4.1 shows the fraction accepted for various values of 
C and N. These factors must be included in the comparison of 
experimental distributions to those derived in Chapter III. 
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Table 4.1 Two Tube Correction Factors 
n C=1 C=2 C=3 C=4 0=5 C=6 
1 .000 .000 .000 .000 .000 .000 1 
2 .500 .000 .000 .000 .000 .000 1 
3 .750 .000 .000 .000 .000 .000 1 
4 .875 .375 .000 .000 .000 .000 1 
5 .938 .625 .000 .000 .000 .000 1 
6 .969 .781 .313 .000 .000 .000 1 
7 .984 .875 .547 .000 .000 .000 1 
8 .992 .930 .711 .273 .000 .000 1 
9 .996 .961 .820 .492 .000 .000 1 
10 .998 .979 .891 .656 .241 .000 1 
11 .999 .988 .935 .773 .451 .000 1 
12 1.00 .994 .961 .854 .612 .226 1 
13 1.00 .997 .978 .908 .733 .419 1 
14 1.00 .998 .987 .943 .820 .576 1 
15 1.00 .999 .993 .965 .882 .698 1 
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Chain Breaking 
The mode 2 reset time depends on the detection rate of 
photons from an atom. It must be long enough so the clock 
cannot fail to reset while the atom is still scattering 
photons. The premature ending of the counting period 
wouldcause the chain of photons making up an event to be 
split and interpreted as two events. This is called a chain 
break. 
For a chain break to occur three things must happen: 
1) a photon from an atom must be detected, starting or 
resetting the clock; 
2) no photons are detected for the reset time T; and 
3) the atom emits another detected photon before leaving the 
beam. 
The probability of this happening is 
P_ . ( T )  d t =P(t)?„(t,t+T)P(t+T,T-) dt 
cb n t 
where P(t)dt is the probability of a detected photon between 
time t and t+dt, P^(t,t+T:) is the probability of no detected 
photons between time t and t+x and PCt+x^T^-) is the 
probability of a detected photon between time t+x and T^. 
The time that the atom leaves the beam is T^. If the rate of 
detected photons from an atom (R^) is constant between t=0 
and T^ then 
-(R,x) 
P^(t,t+x)=e 
-(R,[T_-(t+x)]) 
P(t+T,Tj)=Cl-e 1 
P(t)dt=Rj^dt. 
123 
The probability for a chain break to be initiated between 
time t and t+dt is 
-(R.t) -(R^d.-t)) 
Pçjj(T)dt=Rj^Ce ^ - e ^ ^ 3dt. 
The probability of this happening anywhere within an 
atomic transit is given by 
V (D- r/v -T) -(R,t) -R, (DY/V-t) 
PL.(T)= RP(v)dv S ^ R.Ce - e ^ 3dt 
CO 0 0 ^ 
«rtiere D, is the lenath of the interaction reaion, and v_ is 1 m 
equal to Dj/t. If v>Dj/t the atom spends less than a 
counting interval in the laser beam, so no chain break can 
occur. 
If R^ is not constemt then Pjj{t,t+T) is more 
complicated. Consider a varying rate R^(t) which is equal to 
R]^' from time zero to t^. and R^'' from time t-^ to T^. The 
probability for zero detected photons from time zero to t^ 
is 
~^1 *"1 P^(0,ti)=e ^ 
and from t^ to T^ it is 
.-R, " (T_-t,) 
P„(t,,T.)=e ^ ^ 
n i t  
The probability for no counts over the entire range is 
-CR,'t.+R ''(T_-ti)] 
Pn(0,Tf)=e J- I ^ . 
If R,(t) is manv blocks, each with rate R_ for time At„, the 1 n n 
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probability of a zero over this interval is 
Pn{0,T^)=e 
As At^-»0 and ( t), this expression becomes 
-RT(t,,t_) 
P„(ti,t2)=e 
The probability for a chain break with a time dependent 
count rate averaged over velocity is given by the following 
expression. 
The population of the upper level as a function of 
position along the laser beam is needed to find R^tt). The 
form of R^(t) was given in Chapter III. The values that are 
used in eq. 4.4 in the remainder of this chapter are 
consistent with saturation data as described in Chapter V. 
Note that these chain breaking expressions apply only for 
the two-level case. 
To experimentally determine the correct reset time, 
spectra were taken holding input power sund beam profile 
constant while the reset time was varied. If chain breaking 
is present the number of events with higher multiplicities 
is diminished since some of these events are broken into 
shorter chains, and the lower multiplicities are enhanced as 
Dy/v-T -R,( t ,t+'C) 
^ R,(t)Ce ^ 
0 ^ 
-Ri-tt ,Dt/V) 
e ^ ]dt 
4.4 
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the broken chains appear as several low multiplicity events. 
Since increasing the reset time (t) eliminates chain breaks, 
the photon number distributions should, except for 
statistical fluctuations, become indistinguishable as T 
Increases. The four photon number distributions plotted in 
Fig. 4.5 were measured with reset times of 9.09, 18.2, 25.0 
and 35 )isec, a Gaussian beam with FMHM of 5.27 mm, 5 mM of 
total input power (distribution C2, see Chapter II) and a 
background count rate of 14,000/sec. The backgrounds in the 
burst spectra were measured by monitoring frequencies far 
from resonance. These values for each multiplicity were 
subtracted from the data to obtain the peak heights plotted. 
The curves do not converge with increasing reset time. This 
indicates either there is significant chain breaking even 
for T=25 ysec or some other effect is causing this 
divergence. 
Background Interference 
The chain breaking effect was investigated using a Monte 
Carlo program which simulated a three-level atom with an 
adjustable branching ratio (a two-level atom could be 
modeled by using a branching ratio of infinity) emitting 
photons at a constant rate over a one centimeter reaion. The 
atomic velocity distribution for a thermal source (eq. 4.1) 
was used, and random background counts could be included. 
The program kept track of how the counts in each 
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multiplicity were produced, so that the effects of chain 
breaking and background could be studied. For a two-level 
atom with no random background the results agreed with the 
predictions of equation 4.4. 
To study these effects under conditions similar to the 
C2 measurement (Fig. 4.5), the program was run using a 
three-level atom, with f=ll (see Chapter III and Chapter V) 
and with a background count rate of 14,000/sec and an atomic 
photon scattering rate which approximately gives the same 
number of detected photons as in the measurements. The 
results of the calculation are shown in Fig. 4.6. The solid 
line is the average of the three distributions from lust the 
atomic photon scattering and the points include chain breaks 
cuid background counts with reset times of 9, 18 and 35 ysec. 
The program recorded no breaks for the 18, or 35 usee runs 
in 20,000 events, but the distributions still have not 
converged. If the background is set to zero, as in Fig. 4.7, 
the distributions show no significant differences. It should 
be noted that even the 9.09 ysec run, which has a 5% chain 
breaking rate, fits in nicely with the rest. This clearly 
indicates that the divergence in the experimental 
distributions is do to background interference rather than 
chain breaks. Background interference arises when n counts 
are produced by an atom during its transit and an additional 
V background counts occur during the same period causing the 
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event to be recorded as a multiplicity n+y event rather than 
multiplicity n event. This effect is not removed by the 
simple background subtraction to find the peak heights. 
As discussed in Chapter III, R^ft) is not a constant. 
Calculations and a Monte Carlo program utilizing the form 
for R^(t) developed there show that, for T>18 yisec, the 
number of chain breaks is less than .03% of the total number 
of events for conditions under which the C2 data were 
measured. Graphs of the number of chain breaks expected per 
10,000 atoms for several situations are presented in 
Fia. 4.8. The Monte Carlo program and eq. 4.4 show that, as 
a general guideline, if (<R^>T)>6, less than 1% of the 
events suffer a chain break. 
The predicted chain breaking rate is far too low to 
account for the observed experimental differences in the 
distributions, auid the Monte Carlo program has shown that 
background interference alone could be responsible for the 
observed divergences. To compare distributions obtained with 
different reset times, background interference must be 
factored out. 
If an atom scatters n photons with probability P^(n), 
the number of multiplicity n events is NQP^(n)=N^(n), where 
Nq is the total number of atoms. If during the atomic 
transit the probability of an additional y background counts 
is Pjj(y), then N^<n)Pjj(y) of the true multiplicity n atomic 
Piqûre 4.8 Calculations of chain breaks/10,000 events 
in various situations. The upper curve 
represents the calculations with a 
variable scattering rate and the points 
are the Monte Carlo results. The lower 
curve represents the calculations with a 
constant rate and the points are the 
Monte Carlo results 
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photon events will be recorded as n+y atom+background photon 
events. The number of events recorded at a given 
multiplicity is 
n-1 
N(n)=Z N (n-Jc)P, (k"). 
k=0 ® " 
The quantity N(n) is measured and N^(n) is the quantity 
desired. The sum goes to n-1 rather than n because it is 
assumed that pure background events (N^(0)) have already 
been removed by simple subtraction. In Fig. 4.6 the points 
are N(n), the solid line represents N^(n). Solving the above 
equation for N^(n) yields 
n-1 
H (n)=CN(n)-Z N (n-k)P^(k)]/P^(0). 
a k=ia ^ ^ 
To disentangle N^(n) from N(n) the form of Pjg(y) must be 
found. This is done in the Appendix. The probability of y 
background counts occurring during an atomic photon event 
depends upon the multiplicity of the event, so the 
background count distribution should actually be written as 
Pjj(n,y). The relationship between the number of counts 
recorded CN(n)3 and the number scattered by the atom CN^(n)3 
is 
n-1 
N(n)=Z N_(n-y)P. (n-y,y) 
y=0* ^ 
n-1 
N^(n>=l/P^(n.O)[(N(n)-Z N_ (n-y)Pv,(n-v,v) )3. 4.5 
a D v=l " 
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Ng^(l)=N(l)/Pj,(1.0) 
N^(2)=CN{2)-N^(l)Pj,(l,l)3/Pjj(2,0) 
N^( 3 ) =CN( 3)-Ng^( 2 )Pj,( 2,1 )-Ng^( DPjj ( 1,2) a/Pj^C 3,0 ) 
N^(4)=CN(4)-N^(3)Pjj(3,l)-N^(2)Pjj(2,2)-N^(l)Pjj(l,3)3/Pjj(4,0) 
In the calculation of background interference the 
autocorrelation in dark counts has been ignored. The dark 
count rate from both tubes is much lower than the random 
background count rate (~200 counts per second as opposed to 
"14,000 counts per second) even though the former dominate 
high multiplicity events. The probability of a dark-count 
burst while an atom is in the beam is extremely small. 
Because of this, dark counts do not enter into the above 
interference terms, but add to the overall level of the 
background in a particular multiplicity. As shown in 
Fig. 4.3 the dark count background is independent of the 
mode 2 time. The dark count background is dealt with by 
simply subtracting it from the height of the resonance peak. 
Because of the high rate of the raundom backgound, the 
probability of a count while an atom is in the beam cannot 
be ignored, and the background interference terms must be 
calculated. 
To find N^(n), in principle N(n-l), N(n-2)... N(l) must 
be known. The two tube coincidence scheme used in this 
experiment required one count from each tube. so no values 
of N(l) were recorded making it impossible to directly solve 
for N,(l). Monte Carlo results indicate that, for scattering 
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and background rates encountered in this work, N(1)<N(2) and 
N (1)>N (2). In general, N(n)<N_(n), 
a cL ' cl 
sinceN(n)=N,(n)/P. (1,0). In Ficr. 4.9, crraphs of N,(n) 
a D cl 
extracted using eq. 4.5 are shown for three different 
choices of N(l>. The values of N(n) were generated with the 
Monte Carlo program with a background rate of 14,000 
count/sec and a reset time of 18 usee. The three values of 
N(l) used were 300, 550, and 800. The actual value for N(l) 
from the Monte Carlo program was 550. The three different 
values of N(l) give very different values of and 
N^(2), but by multiplicity three, the three curves have 
converged. The choice of N(l) strongly affects Ng^( 1) and 
N_^(2) but, due to the rapid decline of background with 
increasing y, has little affect upon higher multiplicities. 
Since the higher multiplicities are not affected by the 
choice of N(l), theoretical fits to these multiplicities are 
independent of this initial choice. The theoretical fit 
yields a value for N^(l), which can be used to find a new 
value for N(l). This new value for N(l) can then be used to 
generate a new curve, from which a new value of N^(l) can be 
obtained. Because the higher multiplicities are independent 
of the choice of N(l), this process converges quickly, 
usually in two steps. 
This algorithm was used on the four experimental C2 
distributions previously plotted in Fig. 4.5 and the results 
are shown in Fig. 4.10. The 9.0 psec data is the solid 
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Figure 4.9 The result of using different values for 
N (1). Note that for N (3) the three 
predictions coincide 
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curve. The 25 and 35 usee data fall on top of each other and 
the 18 ysec data differences from these are statistically 
significant only near multiplicity 14. This confirms that 
background interference is the cause of the difference in 
the distributions, not chain breaking. The level of chain 
breaking can be predicted with sufficient accuracy to be 
avoided, and a method of removing background interference 
has been found. This allows distributions taken with 
different background count rates and different mode 2 reset 
times to be compared to each other in a meaningful way. 
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algorithm 
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CHAPTER V. DATA, AMD ANALYSIS 
The laser beam intensity profiles were measured. The 
spontaneous emission rate was also measured as a function of 
laser power for a small Interaction region. These rates 
agreed well with the two-level prediction in eq. 3.19 using 
the measured intensity profile. Values of <R^><T> and y were 
obtained from fitting data from the A, B and C sets with the 
photon number distributions given in eq. 3.24. The fits were 
quite good and the values of y obtained from each 
distribution were the same within statistical errors. The 
number of photons that would have been scattered had the 
atom been a pure two-level system (N^) can be calculated 
with the spontaneous emission rate for each distribution 
using eq. 3.19. The slope of a plot of vs. (R^)<T> is the 
light detection efficiency. This value of efficiency with 
the value of y gives the branching ratio of the 5535 A 
transition of barium. 
The beam intensity profiles and excited state occupation 
probability measurements were used with eq. 3.42 to 
calculate the expected lineshapes. These predicted 
lineshapes are compared to the experimental distributions 
with mixed results. 
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Photodiode Calibration 
and Laser Intensity Profile Measurements 
The laser power was measured using a Schottky barrier 
photodiode with an area of one square inch which was 
calibrated by using a Scientech disk calorimeter (62). The 
calorimeter calibration factor (.96 mV/mN) was provided by 
the manufacturer and an internal heating element was built 
into the device which allowed this calibration factor to be 
checked. A graph of power reaching the photodiode vs. 
photodiode voltage reading yields a conversion factor of 
4.95±.15 mW/V at 5535 A if the photodiode is followed by a 
transconductance amplifier with a gain of 10,000 volts/amp. 
The laser intensity profiles along the atomic beam were 
measured by masking the photodiode with a .11 mm radius 
pinhole. The pinhole size was measured by comparing its area 
to the area of a larger pinhole with a known diameter. The 
larger pinhole was masked with the smaller, and both were 
used to mask a photodiode. This pinhole-photodiode 
combination was illuminated with a large area laser beam. 
The power with both in place was noted and since care was 
taken to insure the pinholes did not overlap, this power was 
due to the light which passed through the small pinhole. The 
small pinhole was removed, and the amount of light passing 
through the large pinhole was then noted. The ratio of the 
two measurements is the ratio of the pinhole areas. 
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In order to measure the laser intensity profile, the 
photodiode and pinhole were mounted upon a micrometer 
adjustable translation stage which made possible accurate 
translation of the assembly along the profile. The beam 
geometry used in this experiment is shown in Fig. 5.1. The 
light is first spatially filtered with a commercial pinhole-
telescope (Jodon LPSF 100) and expanded to the beam size 
required. In a coordinate system where X is along the laser 
beam, Z is along the atom beam and ? is perpendicular to 
both, for the B and C distributions (see list below) the 
beam was focused to a line parallel to the Z axis one meter 
from the interaction region with a 4 m cylindrical lens. 
This left the light rays parallel in the XZ plane and 
perpendicular to the atomic beam. The 1/2 mm 
(A distribution) interaction region was produced with the 
addition of a second 4 m cylindrical lens which focused the 
light into a line parallel to the Y axis at the atomic beam, 
i.e., minimized the length of the interaction region. This 
arrangement made the laser beam width much larger than the 
atomic beam diameter (.26 mm) at the interaction reaion 
which insured that all atoms experienced the same laser 
intensity profile. This profile in the Z direction was 
approximately Gaussian with a half width at half maximum of 
^1/2^®®® below). The beam sizes and total input powers used 
are listed below: 
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Figure 5.1 Laser beam optics chain 
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Label °l/2 Input Power Max. Intensity 
A1 .26 mm .3 mN .36 mN/mm^ 
À2 .26 mm 1.0 mW 2 1.2 mN/mm 
A3 .26 mm 4.0 mW 4.8 mN/mm^ 
B1 1.5 mm 1.25 mW 2 .49 mN/mm 
B2 1.5 mm 2.5 mN .98 mN/mm^ 
B3 1.5 mm 5.0 mN 1.96 mN/mm^ 
CI 2.8 mm 5.0 mN .56 mN/mm^ 
C2 2.8 mm 10.0 mw 1.13 mN/mm^ 
C3 2.8 mm 12.5 mN 1.41 mN/mm^ 
The atomic flux can be obtained by dividing the total 
resonance fluorescence count rate (minus background) by the 
average number of photons scattered per atom (<n>). 
The flux was kept between one and two hundred atoms/sec for 
the extended (B and C) distributions to avoid multiple atoms 
in the beam. 
Upper Level Population Probability 
The resonance fluorescence from a short interaction 
region was measured as a function of input power. The laser 
was locked to the center of the transition (A=0) with the 
atomic flux held constant. A 1/2 mm interaction region was 
used to minimize optical pumping and momentum effects. From 
Chapter III the number of photons scattered by atoms moving 
through this short interaction region is 
144 
-(z/D)2 
+« KI.e 
<R, ><T>=A, ; 2 ^ dz, 
^ -00 -(Z/D)^ 
l+ZKI^e 
with Àj^=NQeA<T>, where Nq is the number of atoms that passed 
through the beam. The factor Aj^ is considered to be the same 
2 for all measurements, K has the value of 1.97 mm /mN for the 
barium 5535 A tramsition and Iq was measured for each power 
using the .11 mm pinhole. The laser frequency width is 
extremely small on the time scale of an atomic transit (a 
few ijsec), but acoustic noise does change it on the msec 
scale. This broadens the laser frequency into the Gaussian 
distribution with a FWHM of 7 MHz shown in Fig. 2.8. If the 
laser linewidth is included the scattering rate is given by; 
-(z/D)2 -[(W-Wf 
-H» +« KIo e e ^ ^ 
<Rt > <T>=A./(r-JÎ)/ du ; dz = . 
 ^ 1  ^ -00 -« -(z/D)2 2 2 
l+ZKIge +4(u—Wq) /A 
The parameter is the laser 1/e frequency width (4.2 MHz) 
and is the laser central frequency. Since the laser is 
locked to the atomic resonance w. is equal to The data JU o 
are compared with calculations in Fig. 5.2. Since the laser 
linewidth (7 MHz FWHM) is much smaller than the natural 
linewidth (19 MHz FWHM), the calculated values for (R^XT) 
and <Rj^>^<T> are essentially the same. The only unknown 
parameter is the product A^=N^eA<T> which sets the overall 
normalization. This has been adjusted to fit the data. The 
close aareement even for high input powers indicate that the 
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Figure 5.2 Atomic upper level population probability as a 
function of power at center of laser beam 
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two-level approximation is valid for short Interaction 
regions. This also is confirmed by the photon number 
distributions described below. 
Photon Number Distributions 
The photon number distributions were found using the 
number of counts at the peak of the Doppler shifted 
fluorescence curve. These are fit using the equation for 
photon probability in a three-level system derived in 
Chapter III (3.24) after background interference effects 
have been removed as described in Chapter IV. For each laser 
intensity distribution values of (R^XT) and y were obtained 
by minimizing In Fig. 5.3a-c where is 
the number of degrees of freedom) vs. y are shown. The value 
2 
of <Rj^><T> used to obtain the function X^W) is the one 
2 
which minimizes x^ for that particular y. Near this minimum 
the function X^W) is only very weakly dependent upon 
<Rj^><T>. Since is weakly dependent upon <Rj^><T>, the 
error in y is given by (63) 
2 ^ a = —w =—. 
^ ta^x^(^)/SY j 
The y given below is the overall minimum for each data set. 
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Fleure 5.3a Chl-Square vs. Gamma for the six extended 
beam profiles 
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Figure 5.3b Chi-Square vs. 
distributions, 
are B3. Bl, B2 
Gamma for the "B" 
The curves from left to right 
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Figure 5.3c Chi-Square vs. Gamma for the "C" 
distributions. The curves from left to 
right are C3, CI. C2 
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DISTRIBUTION GAMMA 
B1 11.30 .37 
B2 11.47 .36 
B3 10.70 .78 
Cl 10.93 .32 
C2 11.33 .64 
C3 10.67 .56 
The average value of y is given by (63) 
_ Z (Vi/orJ) 
y -
(1/ap 
and the average sigma is similarly found with the equation 
(63) 
1 
= 
^ Z^ (I/o?) 
The average y obtained is 11.1±.2. The "A" distributions, 
due to the low number of photons scattered are not sensitive 
to y and were not included in this average. The <R^><T> 
value for each distribution was found holding ^=11. 
Photon number distributions are shown in the following 
Fias.(5.4a-5.4i). The solid line is the calculation and the 
vertical lines are data points with error bars. The error 
bars are equal to the square root of the number of counts 
(background + signal) in the channel that these graphs are 
based upon. The lower multiplicities have large error bars 
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Figure 5.4a Beam Profile Al, R^T= .75. ^ =11.0 
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Multiplicity 
Pigurg 5.4b Bea.in Profile A2» R^T- l.lr 11.0 
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Figure 5.4c Beam Profile A3, R^T= 2.0, Y=11.0 
COUNTS 
J—I I i M  ill 
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Figure 5.4e Beam Profile B2, Rj^T= 13.0, "f=11.0 
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Figure 5.4f Beam Profile B3, R^T= 17.0, ^ =11.0 
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5.00 
MULTIPLICITY 
Figure 5.4g Beam Profile CI, R^T= 16.5, ^=11.0 
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Figure 5.4h Beam Profile C2, R^T: 23.5, y=11.0 
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Figure 5.4i Beam Profile C3, 3^7= 25.0 ,y=11.0 
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because of the large background In comparison to peak height 
at these multiplicities. The channel used was the best 
estimate of As discussed in Chapter III, this 
frequency is characterized as a relative minimum in the low 
multiplicities, and a relative maximum in the high 
multiplicities. 
The relationship between the barium branching ratio (x) 
and y is x= y/e. The number of photons scattered by the atom 
as it passes through the laser beam in an extended 
interaction region, if there were no optical pumping, is 
As previously discussed in this chapter, the atomic 
transition linewidth is much larger than the laser 
linewidth, making it unnecessary to average over the laser 
linewidth. Two methods of calculating are discussed in 
Chapter III; (1) for an infinitely massive atom equation 
3.19 can be used and (2) for an atom for which radiation 
pressure is a factor, equation 3.45 must be used. The number 
of photons scattered was calculated using both equations. 
The results taking into account the finite mass of the atom 
are roughly 10% lower than the infinite mass atom for large 
<n>. A graph of <Rj^><T> vs. Hp should be a straight line 
with slope e. 
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Fioure 5.5 Graph of atomic scatterina rate vs. N . 
T3ie slope of the line is the system ^ 
light detection efficiency 
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Label <n> <R^><T> Photons Scattered(Np) 
Finite Inf in; 
A1 .8 .75 + .03 22.3 22.3 
A2 1.1 1.10 + .04 37.6 37.6 
A3 1.9 2.00 + .06 74.2 74.2 
B1 6.4 10.7 + .6 344.6 379.5 
B2 7.4 12.8 + .7 454.3 509.3 
B3 8.1 17.2 + 1.0 589.7 650.2 
CI 8.2 16.7 + .5 576.5 641.9 
C2 9.7 23.8 + .7 787.3 867.4 
C3 9.8 25.1 + .5 837.6 935.1 
0^0 
The parameter <n> is nP(n), the average number of 
photons scattered for each laser beaua intensity. For a two-
level atom <n> is equal to <R^><T>. The experimental 
distributions do not extend to zero, nor to infinity so the 
value of <n> given in the table above is 
^n=a theory 
where a and b are the limits of the experimental 
distribution. The relationship between <R^>(T> and Np is 
graphed in Fig. 5.5. The function is <Rj^><T>=eNp, where e is 
.0295 ± .0007. The error given is the statistical error of 
the fit; the uncertainties in the input power and laser beam 
size introduce larger errors than this. A more reasonable 
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estimate for the uncertainty Is org=.0015 (a 5% error rather 
than a 2.5% error). Using this value for the efficiency and 
the previously quoted value of y, the branching ratio 
obtained is 
(l-x)/x=375 ± 30. 
Lineshaper Data cuid Calculations 
The linewidth of the atomic transition is greatly 
affected by the input power. From eq. 3.35, the FMHM of the 
resonance is given by 
FWHM= ( A/ 2ir ) ( 1+2Û^ /^ ^ ^ 
The increase of linewidth with intensity is called power 
broadening. In Fig. 5.6, two peaks of multiplicity 15 are 
shown. The wide curve was measured with the highest power 
density used in this series of experiments and the narrow 
curve was measured with the lowest. Even at this high 
multiplicity the wide curve has a FMHM of 46 MHz. This 
46 MHz width is not totally due to power broadening. The 
<R^><T> value for this curve is seventeen, and since the 
multiplicity is fifteen, the linewidth is broadened by the 
effects of the photon-burst function (Chapter III). The 
narrow curve has a FMHM of 12 MHz which is smaller than the 
natural linewidth ( 19 MHz FMHM). 
In the previous calculations of numbers of photons 
scattered, the linewidth of the laser couid be ignored, as 
previously shown in this chapter. This is possible because 
the fluorescence curve is flat near the center and does not 
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Figure 5.6 Two multiplicity 15 peaks taken with different 
input power densities. The narrow peak was taken 
with the low power density 
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hanae appreciably on the scale of the laser llnewldth if 
equals w^. Farther from the resonemce center the scattering 
rate chancres significantly within the span of the laser 
linewidth. This makes it necessary to include the laser 
linewidth in the calculation of individual burst spectra 
lineshapes. 
The number of events of multiplicity n depends only on 
<Rj^(v)><T> and the total number of atoms N^. In the 
calculations of burst spectra lineshapes <R^(v)><T> was 
evaluated using equation 3.42 which includes radiation 
pressure effects. These lineshapes are asymmetric and the 
double humped low multiplicity spectra have unequal hump 
heights after laser linewidth is included. Since y and N. 
were determined by fitting the peak heights, there are no 
free parameters in these calculations. Examples from the B1 
and B2 are shown in Figs. 5.7a-g. The backgrounds were 
lowest for these two runs minimizing the effects of 
background interference. A comparison of the measured and 
calculated peak width for the B1 distribution is shown in 
Fig. 5.8. 
The calculated curves fit the measured peaks fairly well 
near the peak of. the resonance but the data consistently 
fall below the predictions at larger frequency differences 
from line center. This is caused by chain breaking. The 
reset time was set to eliminate breaks at the highest rates, 
i.e., at the peak of the curve. Far from line center the 
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FIG. 5.7a Distribution Bl. Multiplicity S 
The horizontal scale is channnel number 
each channel is 2.26 MHz. and the vertical 
scale is the number of counts 
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FIG. 5.7b Distribution El. Multiplicity 6 
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FIG. 5.7c Distribution Bl. Multiplicity 8 
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FIG. 5.7d Distribution Bl, Multiplicity 9 
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FIG. 5.7f Distribution Bl, Multiplicity 11 
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FIG. 5.8 Comparison of the calculated and experimental 
linewidths for distribution Bl. 
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rate falls and chain breaking becomes Important. The first 
set of curves (Bl) were taken with a 33 usee mode 2 reset 
time and are not as strongly affected by this as the second 
set of curves (B2) which had a T of IS ysec. This effect 
13a 
seems smaller on the left side of the Ba peak. As shown 
in Figs. 3.1a and 5.7, the tail of the ^^^Ba(5/2) falls in 
this region and Is probably responsible for this difference. 
The calculations do not produce lineshapes as asymmetric 
as the experimental data. The asymmetries are largest in 
multiplicities 4-8 and decrease in higher multiplicities. 
The Doppler width of the atomic besun is assumed to be zero 
in these calculations. The overall Doppler width of the 
atomic beam is 3 MHz, but the photon-burst process is 
somewhat velocity selective; the fast atoms contribute 
mainly to the lower multiplicities and the slower atoms 
contribute mainly to higher multiplicities. As a result, the 
lower multiplicities have larger Doppler widths than the 
higher multiplicities. Averaging the lower multiplicities 
(4-9) over frequency width increases the apparent skewness 
of their already asymmetric lineshapes as illustrated in 
3.6a and b. This effect may account for part of the 
difference between the calculated and experimental 
lineshapes. 
As discussed in Chapter III lineshapes can be 
conveniently characterized by their first three moments. Due 
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135 
to the presence of the Ba(5/2) (see Figs. 3.1a and 5.6) 
peak near the Ba peak and the limited scanning range, 
exacerbated by the large widths of the lower multiplicity 
spectra, meaningful moments could not be extracted. À larger 
scan range using an isotopically pure sample is needed if 
moment data are to be obtained. 
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CHAPTER VI. CONCLUSIONS 
System Sensitivity 
One measure of the sensitivity is the length of time 
required to accumulate a signal that is recognizably different 
from background. The criterion that will be used is that the 
signal must be at the 3a level, that is, the peak height must 
be at least three times the variance of the background. The 
time T to accumulate a signal of this level in spectrum n is 
determined bv 
3-JRjj(n)T = P^<n)Rg^T. or 
-, 9 BL(n) 
t^ere is the atomic flux, R^^(n) is the background rate of 
multiplicity n, and P^^n) is the probability of a n 
multiplicity event produced by an atom. In Fig. 6.1 the 
2 
relationship between the sensitivity parameter R^^T and 
multiplicity is shown for the photon number distribution 
<Rj><T>=13.5, Y=11.0, with a background count rate of 
7000 per sec taken with a mode 2 reset time of 15 usee 
(distribution B2). The parameter is a minimum with a value 
of 35 at multiplicity 9, that is, a 35 sec measurement time 
is required to distinguish a beam flux of 1 atom/sec from 
background. 
All multiplicities are measured simultaneously which 
increases the sensitivity. A simple way to make use of this 
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FIG. 6.1 R^T versus multiplicity for the B2 photon 
number distribution 
178 
Information Is to sum many multiplicities. The requirement 
for a signal to be recognizably different from background is 
then given as 
t^ere a and b are the limits needed for maximum sensitivity. 
In Fig. 6.2 vs. the lower mutlplicity limit (a) is 
shown. The minimum of 1.96 occurs for a=7 and b=23. The 
sensitivity is weakly dependent upon the upper limit and 
changes little past b=23. Summing the multiplicities reduces 
the scan time necessary by a factor of 9. The observation 
time required for various beam fluxes are shown below; 
Atom Rate Time for 1 Channel Time for 64 Channels 
1 atom/sec 3.9 sec 4.1 min. 
.1 6.4 min 6.9 hr. 
.01 10.7 hrs 28.5 days. 
The time for one channel is the time to accumulate the 
necessary statistics when the laser is exactly on resonance 
and the time for 64 channels is the length of time to do a 
64 channel frequency scan of the region of interest. 
If a one count/tube coincidence is used, as was done in 
this work, the practical sensitivity limit, with a thermal 
beam of barium atoms, is approximately 1 atom per 100 sec. 
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LOWER LIMIT 
Fig. 6.2 The summed R^T versus the lower limit of the 
sum. The upper limit of the sum is the value 
which maximizes sensitivity 
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Requiring two count/tube has been shown to reduce the dark 
count background by an additional factor of one hundred. In 
a two count per tube mode, the system sensitivity could be 
expected to be on the order of 1 atom per 10^ sec. Utilizing 
such sensitivity would require an extremely relisible laser 
—4 
system; at a beeum flux of 10 atom/sec twelve days would be 
required for one hundred atoms to pass through the laser 
beam for each channel. 
The sensitivity depends upon the average number of 
detected photons and the background rate. The photon burst 
mode used and clock setting for maximum sensitivity depends 
upon the type of atomic beam used, and the details of the 
atomic resonance. The sensitivity will vary as conditions 
change and each situation needs to be individually analyzed. 
Photon Number Distributions 
The experimental distributions are described quite well 
by the three-level atom photon number distribution of 
Chapter III. This is the first time that such a distribution 
has been observed to diverge from a simple Poisson 
distribution averaged over the atomic velocity distribution. 
This provides a new way to measure the atomic branching 
ratios. 
The value obtained for the barium branching ratio, 
375±30 is significantly lower than the value of 700 obtained 
by Bernhardt et al. (25). No errors limits are quoted in the 
181 
article, but author compares the experimental branching 
ratio to a calculated value of 600 (24) and Implies the two 
values are in close agreement. This indicates the error in 
Bernhardt's value of the branching ratio is at least ±100. 
It is unlikely that the gamma value of 11.1 is grossly 
in error; the results from all six extended interaction 
regions are close to this number and <n> values are 
consistent with a y of 11. The light collection detection 
efficiency of the system would need to be on the order of 
1.5% in order for the branching ratio to be 700. This also 
seems unlikely as the estimate of efficiency from 
measurements of the various components (see (Chapter II) puts 
the lower limit at 2.6% and the efficiency from the 
scattered photon distribution (see (Chapter V) implies that 
the efficiency is 3%. If the calculations of are too low 
by a factor of two, the resulting efficiency would be 
overestimated by this same factor. The values for the upper 
level occupation probability used predicted the atoms were 
scattering nearly the maximum possible for laser profiles B3 
and C3, so would, if anything, already be too high. 
Errors in this calculation could raise the efficiency but 
not lower it. 
Spectral Lineshapes 
The spectral lineshapes are reasonably well described by 
the calculations except for the larger than predicted 
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asymmetries in multiplicities 4-8. These multiplicities are 
dominated by atoms which have been optically pumped cuid have 
higher than average velocities. It does not seem likely that 
the optical pumping process could be responsible for the 
asymmetry. The fast atoms have a Doppler width that is 
larger than average, which increases the width and apparent 
skewness of the photon burst lineshapes. The average Doppler 
width (3 MHz) is small and has been ignored in the 
calculations. It is possible that the larger Doppler widths 
in the lower multiplicities are the cause of the 
discrepancy. 
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PARTIAL TABLE OF SYMBOLS 
Â Einstein spontaneous emission coefficient 
NQeA<T> 
c speed of light 
D distance from center to I/e point of laser beam 
intensity profile 
D^y2 Half width at half maximum of laser beam 
intensity profile 
Ë laser electric field strength 
FWHM Full Width at Half Maximum 
h h/2ir 
I laser beam intensity 
2 ? 
K proportionality constant between £. /A and I 
Boltzman constant 
n^ index of refraction of extraordinary axis in 
biréfringent material 
n^ index of refraction of ordinary axis in 
birefringent material 
NQ number of atoms which passed through laser beam 
Np number of free parameters 
<n> Z^n P(n)-, average multiplicity of a 
distribution 
<(An)^> variance of a probability distribution 
Np calculated number of photons scattered by a two 
level atom traversina a laser beam of a aiven 
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Size and total power 
P(v)dv probability of atom having velocity between v 
and v+dv 
F(n,t) probability of detecting n photons In time t 
Pop(n) probability of detecting n photons from an 
optically pumped atom 
Pg^(n) probability of n photons when branching is 
possible 
Q second factorial moment, C<(ûn) >-<n>î/<n> 
Q parameter for a three level system 
R 
atomic flux 
Rjj background, rate 
Rg spontaneous emission rate 
R^ eRg' photon detection rate 
R^ xRg» rate of decay to metastable state 
<R^> eAÔ, photon scattering rate averaged over 
laser beam profile 
T atomic transit time 
Tg oven temperature 
<T> P(v) dv/v, average atomic transit time 
V atomic velocity 
X direction in laser beam-atomic beam system 
parallel to the laser beam 
y direction in laser beam-atomic beam system 
perpendicular to both laser beam and atomic 
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beam 
Z direction in laser beam-atomic beam system 
parallel to the atomic beam 
3 v/c 
A frequency difference between laser and ate; 
transition 
e light collection and detection efficiency 
y e/Xf <n> in optical pumping limit 
laser frequency width 
X light wavelength 
T mode 2 reset time 
a Rabi frequency parameter 
laser frequency 
(jJQ atomic transition frequency 
X atomic branching ratio 
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APPENDIX 
Background Interference 
Background counts follow two types of statistics, 
depending on whether the clock is in mode 1 or mode 2. While 
the atom is in the beam it is assumed that resonantly 
scattered photons are continually resetting the clock which 
causes the background statistics to correspond to mode 1. 
Before (after) the atom enters (leaves) the beam background 
counts reset the clock so the statistics correspond to mode 
2. In this appendix an expression for P^(n,y), the 
probability for additional y background counts in a burst of 
n counts from an atom, is derived. 
In the time before the atom enters the beeun, the 
probability that a count string of multiplicity ^2' is 
produced and added to the atom-scattered count chain is 
Similarly, the chance of a string of ' counts occurring 
after the atom left the beam is 
The probability that 72~^2 ^^2 ' are added to the 
atomic photon chain is 
There are p^+l terms in this expression, each one equal to 
-V "V ) e . 
e 
P2b < ^ 2 ' b2î'b2 ' ^2 ' •'Pba ' 1 fb2 ' 1 • •^ï'b2 "'2 ' 
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This means given by 
-R^T y, -2RV,T 
The probability for y^ background counts while an atom 
is retrigaering the clock is 
Tl -Vr 
where T^ is the time that the atom spends resetting the 
clock. If the atoms are optically pumped while in the laser 
beam it can be shown that the probability distribution of 
T^ is 
^ n-2 -R.T_ 
P(T^)dT^=R^C(R^T^) e ^]/(n-2)! dT^ 
where n is the multiplicity of the event and R^ is the 
average photon detection rate. The probability of y^ 
background, counts occurring while a n multiplicity atom is 
retriggering the clock is 
+~ 71 "Vr 
Plbop("'yi)=; P(T^)[(Vr) ® ]/yi' aSf 
n+y^-l 
0 
=C(n-2+yj^) l/C(n-2) Iy^!33 (R^/R^) 1/(1+R^/R^). 
If R^^/R]^ is small, Pibop'^^'^l^ cam be written as 
n -(n-l)R^/R, 
^lbop("'^l^='^('"-^)^b/^l^ ® ]/?l" 
This is equivalent to substituting (n-D/R^, which is the 
average time spent resetting the clock at multiplicity n, 
for T in eg. 4.3. A plot generated from the Monte Carlo 
procrram of average time between first and. last d.etected 
photons versus multiplicity for various photon d.etection 
rates is shown in Fig. A.l. The probability of being 
193 
optically pumped before leaving the laser beam Is dependent 
upon the number of photons scattered. If em atom has a high 
scattering rate, it is more likely to have branched to the 
metastable state than an atom which has scattered fewer 
photons. The lower multiplicities in Fig. A.l fit 
<T>=(n-l)/R^ quite well. These multiplicities are dominated 
by atoms which have been optically pumped. The higher 
multiplicities diverge from the <T>=(n-l)/R^ relationship, 
especially for lower scattering rates. This is because the 
atoms contributing to these multiplicities are not being 
optically pumped before leaving the laser beam. 
Atoms which leave the beam without being optically 
pumped (trsmsit-time-limlted) do not have the same T^ 
distribution as those that are optically pumped, which is 
why the points fall beneath the line in Fig. A.l for the 
higher multiplicities. The T^ distribution for a transit-
time-limited atom is 
where T is the time the atom spends in the beam. The 
probability of y^^ background counts is 
n-1 
Ptt{Tr>dTr=n(n-lHl-Tr/T) (T^/T) dT^/T^ 
n(n-l) 
(n+v,-l)! Z 
^ k=0 
+00 
(n+y^+k)1 
A.l 
FIG. A.l The average tranalt-time versus multiplicity for 
three different rates. The P(T) function was 
obtained from eq. 4.1 such that <T>=25 usee 
RATE=.5 MHz 
RATE=.75 MHz 
RATE=1.0 MHz 
•à * 
o 
uo 
rH 
O 
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The probability that an atom with transit time T will 
give rise to a n multiplicity event is C(Rj^T)" e"^®1^^3/nl. 
The probcibility that a n multiplicity event was caused by an 
atom with transit time T is 
n -R,T 
P(T(n) )dT=Pg^(T) C(Rj^T) e ^ 3/nl dT 
where Pg^(T) is the distributions of atomic transit times. 
This function is shown in Fig. A.2 for three different 
values of n. The average value of T for a given multiplicity 
is given by 
+« n -R,T 
; T P{T)C(R,T) e ^ 3/nl dT 
0 ^ 
<T(n)>= . 
+00 
; P(T(n))dT 
0 
Some examples of <T(n)> vs. n are shown in Fig. A.3. It can 
easily be seen that higher multiplicity events come from 
atoms which spend more time in the laser beam. The number of 
background counts that can be expected while a transit time 
limited atom is in the beam is 
Pbtt(yi'n)=frf(T("))Pbtt(?l'T)dT. 
Because of the form of P^(T), can only be found 
numerically. 
The background counts at a given multiplicity can be 
found if the atom either traverses the entire laser beam or 
15 
MULTIPLICITY 
FIG. A.2 Average atomic translt-tlmea versus multiplicity 
for transit time.limited atoms 
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n=10 
o 
n»20 
n=30 M 
20,0 0 . 0  40.0 
TIME (usee) 
60.0 80 .0  
Figure A. 3 Distribution of transit-times for three different 
values of n, R,=.667 MHz, P(T) obtained from 
eq. 4.1 such that <T>=25 psec 
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is optically pumped. At a given multiplicity some atoms are 
optically pumped, the rest are not. The probability of y^ 
background counts is 
Pj^l(n,yi)=Fop(n)Pibop(7i.n) +F^.^.(n) Pujtt^YI-'"^ 
î^ere F^^(n) is the fraction of atoms vihich. have been 
op 
optically pumped at multiplicity n, and F^^(n) are the 
fraction ^ ich traversed the entire beam. These fractions 
can be found by using the equations of Chapter III. 
Now that the background statistics from both sources are 
known, the probability of 7=72^+72 background counts being 
added to a multiplicity n event can be calculated. The 
probability of y additional counts being added to the photon 
string is equal to 
7 
Pjj(n,y)=£ Pjjj(n,y-k>P2jj(k>. 
